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Abstract
As anthropogenic carbon dioxide emissions continue to rise exponentially the need for effective carbon
mitigation strategies is becoming increasingly important. Carbon farming represents a relatively low cost
option for businesses to offset their emissions and is quickly becoming more achievable with carbon
accounting methods and carbon credits being specifically designed to benefit both the business and
landholder. The primary goal of this study is to quantify carbon storage through sequestration in trees on
the University of Wollongong (UoW) main campus in order to be able to inform on a carbon strategy which
best utilizes carbon farming as an offsetting strategy. This study is the first to investigate the degree to
which tree carbon sequestration offsets the carbon budget of UoW, and one of the few existing studies to
examine the on-campus management of natural carbon offsetting for tertiary institutions in Australia.
Based on the results presented here recommendations are made regarding how best to maximise on and
off campus carbon farming, with consideration to a number of factors such as time, financial feasibility,
space and other carbon mitigation strategies that are already in place. Six different genera-specific
allometric models for Australian trees from published sources were used to determine the aboveground
biomass of trees present on campus and from there the carbon stock and carbon dioxide equivalent (CO2
eq.) could be determined. Estimates of carbon stocks were achieved through a combination of data
analysis of an extensive campus tree inventory dataset, as well as surveying of areas which were not
accounted for in this inventory. The annual carbon dioxide absorption of trees was also found with
species-specific growth increment data. Based on these calculations it was determined how much
aboveground sequestration offsets emissions produced by UoW on a yearly basis and allowed for carbon
uptake trends to be established for last 30 years. Ultimately it was found that the current carbon stock of
the campus for 2020 is approximately 15,082 tonnes of CO2 eq. and the carbon uptake between 2019
and 2020 was 325 tonnes of CO2 eq. This yearly uptake offsets 0.68% of carbon emissions for the year of
2019 and the rate of sequestration over time was found to be increasing since the campus was
established. It was also found that of all the genera present on campus Eucalypts account for the most
carbon storage. Terrestrial forests are undoubtedly unique ecosystems which play an important
mitigation role when addressing the challenges of global climate change. Understanding how much
carbon can be stored in the types of forests can have significant implications for future carbon
management for tertiary institutions which have a social responsibility towards sustainability.
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ABSTRACT
As anthropogenic carbon dioxide emissions continue to rise exponentially the need for
effective carbon mitigation strategies is becoming increasingly important. Carbon farming
represents a relatively low cost option for businesses to offset their emissions and is quickly
becoming more achievable with carbon accounting methods and carbon credits being
specifically designed to benefit both the business and landholder. The primary goal of this
study is to quantify carbon storage through sequestration in trees on the University of
Wollongong (UoW) main campus in order to be able to inform on a carbon strategy which best
utilizes carbon farming as an offsetting strategy. This study is the first to investigate the degree
to which tree carbon sequestration offsets the carbon budget of UoW, and one of the few
existing studies to examine the on-campus management of natural carbon offsetting for tertiary
institutions in Australia. Based on the results presented here recommendations are made
regarding how best to maximise on and off campus carbon farming, with consideration to a
number of factors such as time, financial feasibility, space and other carbon mitigation
strategies that are already in place. Six different genera-specific allometric models for
Australian trees from published sources were used to determine the aboveground biomass of
trees present on campus and from there the carbon stock and carbon dioxide equivalent (CO2
eq.) could be determined. Estimates of carbon stocks were achieved through a combination of
data analysis of an extensive campus tree inventory dataset, as well as surveying of areas which
were not accounted for in this inventory. The annual carbon dioxide absorption of trees was
also found with species-specific growth increment data. Based on these calculations it was
determined how much aboveground sequestration offsets emissions produced by UoW on a
yearly basis and allowed for carbon uptake trends to be established for last 30 years. Ultimately
it was found that the current carbon stock of the campus for 2020 is approximately 15,082
tonnes of CO2 eq. and the carbon uptake between 2019 and 2020 was 325 tonnes of CO2 eq.
This yearly uptake offsets 0.68% of carbon emissions for the year of 2019 and the rate of
sequestration over time was found to be increasing since the campus was established. It was
also found that of all the genera present on campus Eucalypts account for the most carbon
storage. Terrestrial forests are undoubtedly unique ecosystems which play an important
mitigation role when addressing the challenges of global climate change. Understanding how
much carbon can be stored in the types of forests can have significant implications for future
carbon management for tertiary institutions which have a social responsibility towards
sustainability.
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CHAPTER ONE: INTRODUCTION
1.1 Background and Campus History
Efficient emission-reducing strategies are of critical importance in all facets of urban planning,
but they are especially important for tertiary institutions such as the University of Wollongong
(UoW) due to the social responsibility that they have towards limiting their carbon budgets
(Torabi et al. 2016). This is of particular importance now more than ever due to the present
and impending challenges associated with anthropogenic climate change (Jorgenson et al.
2018). Anthropogenic greenhouse gas emissions arising predominately from population
growth and its associated economic activities and consumption are creating significant
challenges in all areas of urban planning and development (Ralph & Stubbs 2014). The increase
of greenhouse gas emissions such as carbon dioxide (CO2) are a major contributor to climate
change, which has a range of serious economic and ecological consequences for the future
(Intergovernmental Panel on Climate Change 2007). The urgency of viable solutions to
problems associated with climate change is becoming more and more imperative with time.
This study will look at the potential of carbon sequestration in trees on UoW’s main campus to
offset emissions produced by the University, and assess the viability of sequestration as a
carbon mitigation strategy to be further pursued in the future. This involves researching and
navigating academic discussion surrounding carbon sequestration and how estimates,
modelling and accounting can be improved. Specifically, the application of allometric
equations, carbon modelling using FullCAM and various other types of carbon accounting
techniques in Australia and internationally will be explored before a number of both general
and genera-specific allometric relationships from published peer-reviewed sources will be used
to estimate the University’s carbon stock. The financial feasibility of carbon sequestration will
also be explored by investigating the different types of carbon crediting and incentives
currently available, and framing them within the context of UoW’s current carbon budget and
mitigation strategies already in place. Furthermore, carbon sequestration and its role in meeting
international commitments outlined in the Kyoto Protocol and 2015 Paris climate agreement
will be assessed based not only on the results of this project but a number of case studies both
in Australia and internationally.
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The University of Wollongong is located in south-eastern Australia (Figure 1) which is
typically dominated by temperate eucalypt forests (Gordon et al. 2018), and was chosen as the
study site for a number of reasons, including the variety and abundance of trees on the campus,
as well as for the social implications that arise from universities and their responsibility towards
sustainability. Trees on the UoW campus are predominantly a mixture between eucalypt
species and other hardwood species, and essentially serve as an amenity by adding value to the
property and being a desirable aspect which aids in attracting students (and therefore revenue).
A recent UoW Council Key Performance Indicator found that student satisfaction with the
campus natural environment was as high as 87.8% for 2019 (UoW facilities management
division 2019) which suggests the trees on campus are fulfilling their amenity purposes.
However due to the way in which trees naturally store carbon they serve a double benefit for
the University by helping to lower their carbon budget, as well as fulfilling their amenity
purposes and providing ecosystem services. The degree to which trees on campus offset the
UoW carbon budget is yet unknown, with this study being the first of its kind to quantify their
effect. Therefore, knowing the current carbon stock (CCS) of the campus as well as the
potential of the most dominant species to sequester carbon is of great importance for
determining the viability of carbon sequestration as a type of carbon mitigation strategy, and
in order to make recommendations on how best to promote this carbon uptake. Since the
campus was farmland (Figure 2) almost all trees have been anthropogenically planted with only
a few areas of remnant old growth still observable today. Over the 52 year period that UoW
has occupied the land the emphasis on creating a forested campus becomes strikingly clear
when observing historic aerial imagery from the last 82 years (Figure 2). Though the landscape
department has primarily planted endemic species to blend in with the surrounds there has been
no main vegetation type specifically adhered to. Depending on who the landscape supervisor
was at the time there have been a number of exotic species also planted, which has ultimately
led to there being a wide variety of species within a relatively small area. This variety means
that CCS estimates are more difficult (Kanowski & Catterall 2010), and may be a factor
contributing to why a study such as this has never been undertaken at the University of
Wollongong.
Ultimately the results of this project within the context of existing literature will determine how
viable it is for the University of Wollongong to reduce their carbon budget through CO2
sequestration in trees. Greenhouse gas (GHG) emissions from both direct and indirect emission
sources such as energy, infrastructure, general transport and academic air travel that make up
9
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the UoW’s carbon budget will also be compared against to that of other Australian universities
to determine the scale of the problem, as well as to determine the success of other carbon
mitigation strategies already in place. Viability and financial feasibility will also be explored
based on various carbon incentives and credits available on the market today, with
consideration to both investor and landholder ambitions.

Figure 1: Geographic location of the University of Wollongong.
Aerial imagery courtesy of Google Earth.
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1.2 Forests as terrestrial carbon sinks
Terrestrial vegetation acts as a significant carbon sink via uptake of atmospheric carbon dioxide
through photosynthesis, therefore playing an important role within the global carbon budget
(Paul et al. 2016). The rate that organic carbon is sequestered is dependent upon complex
interactions between ecosystem mechanisms such as climate, dominant vegetation types, soil
chemical composition and nutrient availability (Lal, R. 2005). Ground-based information on
terrestrial carbon storage in vegetation is critical for estimating carbon budgets, otherwise
known as the carbon carrying capacity (CCC) and current carbon stocks (CCS). Estimating the
total amount of carbon locked up in Australian native forests, plantations and privately owned
land is primarily achieved using a combination of remote sensing metrics and in-situ
measurements. A thorough, accurate estimation of an areas biomass and therefore carbon
content is essential for accounting the nations net carbon emissions and therefore overall
carbon budget (Haverd et al. 2013). Carbon accounting is becoming significantly more
important with time, particularly due to carbon incentives and targets outlined in the 2015 Paris
Climate Agreement and Kyoto Protocol (Rhodes 2016). Carbon sequestration in trees is
increasingly being seen as a means carbon management in the face of the impending challenges
of climate change that society are and will face over the 21st century (Canadell & Raupach
2008).
It is estimated that forests store up to two thirds of the overall terrestrial accumulated carbon,
and offsets approximately 33.7% of global anthropogenic CO2 emissions (Keenan & Williams
2018), meaning that protection and promotion of forest biomass is of critical importance given
the exponential increase of anthropogenic greenhouse gas emissions over the last few centuries.
It is therefore critical for forestry professional and decision makers to understand how changes
in forest biomass can affect carbon stocks, and how this will influence the carbon flow over a
range of spatial and temporal scales (Sampson & Sedjo, 1997). For instance, old growth forests
which may have large stocks of carbon are likely to have small or negligible flows since
biomass is relatively stable. Alternatively, more juvenile forests may have a relatively lower
carbon stock due to having less overall biomass, but may have a much greater carbon flow due
to the relatively rapid growth of younger trees (Sampson & Sedjo, 1997). Understanding how
to optimize these flows to promote the most efficient carbon uptake and storage is an important
aspect of forestry projects, and should be a part of university decision making regarding how
to best manage resident trees.
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However, globally increasing greenhouse gas emissions has the potential to inhibit the capacity
of the terrestrial biosphere to sequester large quantities of CO2 and therefore to reduce the
effectiveness of forests as carbon sinks (Joos et al. 2001). Joos et al. (2001) argue that the
degree to which the carbon carrying capacity of forests are effected depends on the climatic
sensitivity to changes in the rate of radiative forcing by CO2 and other GHGs. Under the most
extreme scenarios, the terrestrial biosphere could become a carbon source rather than a sink
during the second half of the century. Creating social awareness, offering fair carbon farming
incentives and taking steps to best promote carbon sequestration has been shown to enhance
the effectiveness of urban forestry and carbon farming practices to further offset GHG
emissions and the effects of climate change (Cacho et al. 2003). As well as this, changes in
forest biomass due to anthropogenic management and subsequent regrowth significantly
influence carbon flow between the terrestrial ecosystem and the atmosphere (Vashum &
Jayakumar 2012). Therefore, accurate estimations of forest current carbon stocks and carbon
carrying capacity are vital to assessing the magnitude of this carbon exchange. Vashum &
Jayakumar (2012) also argue that CCC estimation is an important tool for assessing the
productivity and sustainability of the forest, as well as providing forestry professionals with an
approximation of the amount of carbon dioxide that may be emitted into the atmosphere should
an area be deforested or degraded by human impact or natural disturbance. This project will
explore these ideas and others within the context of the University of Wollongong’s current
emissions reduction schemes.
1.3 Australian University carbon footprints
Universities such as UoW are big businesses and therefore have many sources of carbon
emissions such as energy usage, transportation, air travel and infrastructure upgrading,
retrofitting and demolition. Because of the responsibility and accountability that universities
have towards lowering their emissions many formal assurances and action plans to address
sustainability concerns are embedded within annual reports and management plans. Nicolaides
(2006) however argues that despite these commitments there is still a lack of knowledge or
understanding towards environmental sustainability which acts as a major barrier to integrating
environmental sustainability in Australian educational institutions. Nicolaides (2006) proposes
that this lack of knowledge arises from a shortage of professional expertise, as well as likely
stemming in part from the absence of clear climate change policy and direction in Australia on
13
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1.3.1 Energy
The carbon footprint of UoW (Table 1) is categorized into three distinct scopes, with CO2
emissions classified as occurring ‘onsite’, ‘downstream’, or ‘upstream’. Onsite main campus
emissions (scope 1) represent the smallest proportion of the university carbon budget, where
all carbon emissions are generated from company vehicles/facilities, equating to approximately
2,932 tonnes of CO2 eq. per annum (6.18%). Scope 2 emissions account for the greatest
proportion of the budget and are generated by upstream processes such as the purchasing of
electricity, steam and heating / cooling which create indirect emissions of 31,768 tonnes of
CO2 eq. per annum (67.00%) and occur offsite. Of this scope, approximately 19,944 tonnes of
CO2 eq. are created for piped natural gas and grid electricity alone (UoW facilities management
division 2019).
Energy consumption on campus was calculated as 0.49 GJ/m² which also fell 7.5% below the
2020 target of 0.53 GJ/m² (the average since 2011) and shows an energy consumption decrease
of 22.2% since 2011. This was, in part, due to the generation of approximately 1,398 GJ/y of
onsite renewable energy (10.9% above 2016 benchmark) which facilitated in offsetting the
University’s carbon budget. Additionally, UoW aims to further promote renewable energy
generation across the campus via the installation of an additional six kilowatts of Solar PV
arrays in an attempt to reduce energy consumption by up to 20% by 2035 (UoW 2018 Annual
Report). It is also stated that these ambitious energy reduction targets will be achieved through
thermal comfort building upgrades, the activation of more widespread LED lighting to
maximise energy efficiency and through the use of a temporary lithium-ion batteries.
According to the 2018 report LED is currently the most energy efficient and cost effective
mainstream lighting technology on the market, resulting in significant energy and cost savings
for the university. They also boast a longer lifetime which results in lower maintenance
expenses which is essentially money that is freed up to be used in other areas of energy
efficiency or carbon management. Energy efficiency upgrades and the implementation of
renewable energy is being seen all across Australia, particularly in tertiary institutions. In 2015
the University of Melbourne received a monetary grant of $9 million from the Clean Energy
Finance Corporation (CEFC) to commence a number of renewable energy projects and
upgrades. The fund allowed the solar capacity of the campus to be increased by 92% and has
been estimated to reduce the University's carbon budget by over 9000 tonnes per year (Liang
et al. 2018).
15
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From June, 2019 the UoW have committed to developing a tailored energy procurement
strategy in order to identify the most suitable and sustainable means of obtaining energy. The
plan will also serve to manage energy supply and will address financial risks by aiming to
minimise future energy expenditure. The outcomes of this strategy will provide the advice
required to enter into the new electricity and gas contracts which were set to expire between
31/8/18 and 30/6/19 (UoW Energy and Carbon Management Action Plan 2017).
Table 1: University of Wollongong 2019 carbon budget based on the three main scopes as
outlined by the UoW facilities management division.
Activity

Carbon (t.CO2eq)

Source examples

Proportion of overall
UoW carbon budget

Scope 1

2,932

On campus facilities, vehicles

6.2%

and other related activities
Scope 2

31,768

Purchasing of electricity, gas,

67%

steam, heating and cooling
products off campus for on
campus use
Scope 3

12,712

Fuel and energy related

26.8%

activities (e.g. air travel and
employee commuting)
Total
1.3.2

47,412
Infrastructure

The implementation of sustainable, energy efficient technologies and systems has been
identified by Steuwer (2012) as one of the most accessible and cost-effective ways of reducing
carbon emissions. As well as this, upgrades to building energy efficiency is said to be able to
provide energy security, as well as bring about economic, climate and social benefits. UoW
main campus infrastructure plays a role in scopes 1, 2 and 3 carbon emissions (Table 1) (UoW
facilities management division 2019). As a company facility, university buildings are a direct
source of emissions (scope 1) through construction, retrofitting and demolition, which also
involve purchasing of materials which generate offsite carbon emissions (scope 3).
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Infrastructure also necessitates high energy consumption (electricity, heating, cooling etc.),
particularly with older, typically less energy efficient buildings.
Infrastructure is an area where emissions reductions strategies are proving to be challenging, as
many university buildings are typically non-standard and highly diverse (Ledo, 2015). This makes
building upgrades and retrofitting much more difficult in many cases. As well as this, Ledo (2015)
highlights the fact that much of Australian university infrastructure was built specifically to meet
the minimum building codes and costs at that time, resulting in buildings that are not necessarily
long-lasting nor energy efficient, making this a significant issue for sustainability targets. The
Beyond Zero Emissions (BZE) 2013-2014 report quantified both modern, retrofitted and older
(pre-1945) building energy usage for a number of different categories (Table 2) which highlights
the relative context of Australian university infrastructure efficiency. The BZE report classified
both primary and secondary school buildings under the same education category, however
Australian universities were modelled separately from schools. This was because they were found
to have higher energy requirements due to the larger and more complex building energy services.
Typically increased energy consumption also arises because tertiary education buildings are
generally more non-standard and often consist of high energy specialist equipment (Ledo, 2015).
BZE found that Australian university buildings generated an average energy intensity (MJ per m2)
of 747.2 which was found to be higher than number of other building categories including libraries,
warehouses, prisons, cinemas and other education buildings on a m2 basis. The main source of
infrastructure associated GHG emissions relates to initial construction and subsequent energy
consumption (Buchanan & Honey 1994), meaning these areas have significant emissions reduction
potential.
The UoW Energy and Carbon Management Action Plan (2017) states that the use of air
conditioning on campus to maintain comfortable room temperatures during warm periods is
one of the University’s most energy intensive activities. It is argued that this energy
consumption can be significantly reduced by redesigning buildings with the aim of minimizing
the accumulation of heat during the warmer periods, and retention of heat during the cooler.
Whilst this is best achieved during the design stage, there are opportunities to implement
infrastructure heating strategies for existing buildings via retrofitting which has less of a carbon
footprint than building demolition and rebuilding. These retrofitting activities can include
reflective heat reduction window films, improved shading, upgrades to natural ventilation
systems and more efficient building insulation.
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1.3.3 Transport and air travel
The environmental impacts of transport and in particular aviation are increasingly being
recognized as a sustainability issue not just in universities of Australia but institutions globally.
The transport sector was attributed to 18.9% (102 million tonnes of CO2 equivalent) of
Australia’s total carbon emissions for 2019, which has increased by a factor of as much as 60%
from 1990 levels (Australian Government National Greenhouse Gas Inventory 2017). Of these
emissions, approximately 50% are contributed by road transportation which highlights the need
for more proactive carbon management strategies in this sector. Transport which encompasses
a number of activities such as employee and student commuting makes up a significant
proportion of UoW’s carbon budget (26.8%). The Wollongong Campus Master Plan (20162036) highlights plans to increasing public transport and active transport journeys in order to
meet emissions targets. In this time frame UoW aims to reach 50% private transport, 32%
public transport and 19% active transport, with private transport representing the least
sustainable option. Since 2015 there has been a reduction in private and public transport by
5.2% and 0.7% respectively (UoW facilities management division 2019). However, as of 2019
private transport makes up 50.2% of all transport forms, highlighting how minimal the target
of 50% in 2036 is.
Lee et al. (2009) estimate that air travel accounts for between 3.5% and 4.9% of increased
radiative forcing of the climate due to increased carbon emissions from aircraft flight, and
according to Glover et al. (2018) is set to increase at an annual rate of 4.9% until at least 2026.
Glover et al. (2018) propose that whilst sustainability in Australian universities can be
increased through infrastructure upgrades, efficient recycling programs and upgrades to public
transport systems it can be harder to achieve in other areas such as academic air travel which
is said to be entrenched in the institutional focus of Australia universities. UoW was classified
by Glover et al. (2018) as one of the ‘air travel ignorers’ along with 22 other Australian
universities who failed to identify or address air travel as an issue in sustainability policy. In
the University of Wollongong’s sustainability policy report transport was related solely to
campus commute, therefore ignoring domestic or international transport via aeroplane. Shaw
(2018) found that UOW academics travel an average of 14,000 km each within just a six-month
period. It was also found by Shaw (2018) that air travel was poorly addressed by faculty staff
due to it being seen as a necessity to promote and sustain international collaborations, with
more concern being focused around upgrading energy and material efficiency. Furthermore,
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many academics surveyed in Shaw’s paper stated that they chose not to offset their flights when
given the opportunity.
Air travel is classed as an ‘upstream’ scope 3 source of emissions, which is stated to produce
approximately 12,712 tonnes of CO2 eq. per annum of UoW’s carbon budget. This is
significantly higher than a number of other Australian tertiary institutions such as Charles Sturt,
Edith Cowan and the University of Tasmania (Figure 3) (UoW facilities management division
2019). Glover et al. (2018) propose that Australian air travel emissions as a whole are likely to
be higher than the global university average due to the relative remoteness of Australia to the
rest of the academic world, hence air travel emissions are more difficult to minimize than
emissions in other sectors. Glover et al. (2017) found that air travel carbon reduction objectives
of universities conflict with broader sustainability policies, often leading to a paradoxical
relationship between university sustainability policies brought about by the increasing
internationalization and mobility of staff and students. This internationalization is said to be an
essential part of the professional practices of Australian academics, leading to improved
international relationships, the accruement of research grants and attaining significant journal
publication. Additionally, Bows and Anderson (2007) claim that aircraft efficiency
improvements as a means of mitigating emissions are unlikely to be seen before 2030.
Therefore, carbon reduction strategies in other sectors has become particularly important to
offset emissions from areas such as air travel.
1.3.4 Charles Sturt University carbon neutrality
Charles Sturt University (CSU) stands as testament to the viability of Australian tertiary
institutions reducing their carbon footprint, with the campus being completely carbon neutral
since July 2016. This is achieved through a number of yearly projects aimed at offsetting CO2
emissions, with any surplus over that year’s emissions being carried over into the next. In 2018
carbon neutrality was achieved entirely via the purchasing of carbon offsets (Charles Sturt
Carbon Offset Portfolio 2019). A total of 49,729 tonnes of CO2 equivalent were offset via a
number of projects including forest preservation, reforestation and the installation of renewable
energy grids running off wind, biogas and solar (Charles Sturt Sustainability Research
Guidelines 2019). These projects ran off the back of 2017 where a total of 49,964 tonnes of
CO2 equivalent were offset, meaning that approximately 1,656 tonnes of CO2 equivalent were
carried forward into 2018.
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When comparing the carbon footprint of UoW to other universities, the involvement of CSU
in reforestation initiatives is of particular interest for this study. One such project involves the
extensive plantings of native Eucalyptus trees throughout central New South Wales over the
past decade. CSU have been involved in progressively establishing native tree plantings in the
form of tree belts integrated into farming operations to deliver large scale carbon abatement
outcomes. Native species (particularly mallee eucalypts) have been specifically selected for
their resistance to drought, disease and fire to promote project longevity, and arrangements
have been made with landholders to achieve economic and environmental benefits for all
parties involved (Charles Sturt Sustainability Research Guidelines 2019). CSU claim that as
well as benefits achieved from carbon uptake, reforestation and revegetation projects on
heavily harvested landscapes also promote greater local biodiversity and facilitate carbon
sales flowing back to landholders. The NSW tree belt planting project as a whole offset
approximately 1,923 tonnes CO2 eq. over the course of one year, whilst qualifying for
claimable carbon credits under section 169 of the Carbon Farming Initiative Act 2011, attesting
to the viability of forestry projects as a means of offsetting carbon which is both beneficial to
landholders and financial backers.
1.4 Aims and Objectives
Universities greatly influence social capital dimensions which are important for encouraging
public participation of climate adaption programs and could accelerate the implementation of
biodiverse carbon planting schemes such as carbon farming and urban forestry (Torabi et al.
2016). This project aims to quantify the current carbon stock of UoW and establish rates of
carbon uptake both temporally and spatially, thereby determining how viable carbon
sequestration

is as a means of mitigating greenhouse gas emissions produced by the

University. The study is the first to determine how sequestration fits into UoW’s emissions
story and the first to offer recommendation as how to best promote carbon uptake. The viability
of tree planting will be addressed not only by how much carbon is sequestered, but also in
terms of its economic value. The potential of the ‘carbon market’ to promote financial
incentives for landholders for participating in carbon farming is outlined by Evans (2018),
where it is argued that in order to meet emissions reductions targets through such initiatives
there needs to be government intervention that aligns with ambitions and motivations of private
landholders such as universities. This project therefore aims to not only assess the extent of
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carbon uptake on campus, but also how to best maximize incentives from carbon market
initiatives. This will be achieved through assessing which tree genera sequester the most carbon
and exploring how best to promote carbon uptake on a rapidly expanding campus. The results
of the study will not only have implications for the University of Wollongong but also for urban
planning in the wider community. Because of the social implications surrounding tertiary
institutions and their responsibility towards sustainability there is more scrutiny over university
carbon emissions than other businesses, particularly when some institutions such as Charles
Sturt University have become completely carbon neutral (Torabi et al. 2016). There is therefore
a pressing need for effective emissions reduction strategies for higher education institutions
now more than ever.
CHAPTER TWO: LITERATURE REVIEW
2.1 Carbon modelling in Australia
The terrestrial biosphere, in particular forests, play an important role in the global carbon cycle,
meaning that maintaining carbon stocks and promoting forest carbon capacity is crucial in
offsetting the release of CO2 to the atmosphere. Concern for climate change and investment in
emission reduction strategies will ultimately require land managers such as those of UoW to
come up with more reliable and systematic methods of estimating forest carbon stocks on their
property to benefit and adhere to emerging emission-offset markets created within the context
of the Kyoto Protocol (Cacho et al. 2003). Methods of estimating large-scale carbon stocks in
line with the spatial and temporal requirements demanded by the Kyoto Protocol mean that
models used for carbon accounting need to take into account the effects of changing land use,
land management and climate variability (Richards & Evans, 2004). It is argued that carbon
estimations based solely on empirical data is not viable due to Australia’s vast spatial
variability and given the annual reporting requirements of both the United Nations Framework
Convention on Climate Change and the Kyoto Protocol. Studies conducted in Australia also
typically yield wide ranges of biomass predictions attributed to the high diversity in past
logging activities, as well as time since last disturbance (Roxburgh et al. 2006). As a result of
these factors there is currently much discussion regarding the efficiency of carbon models to
provide a complete and accurate carbon account, with doubts being expressed concerning their
projection capability in the current climate of Australia’s changing agricultural and forestry
activities.
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2.1.1 Full Carbon Accounting Model (FullCAM)
Currently, the National Inventory System used in Australia to estimate carbon stocks uses a
modelling system called FullCAM (Full Carbon Accounting Model). FullCAM is a fine scale
spatial application model that is essentially a carbon nitrogen mass balance system, used to
measure carbon fluxes, carbon concentrations of leaf litter, debris and soil as well as above and
belowground biomass in all forests and agricultural systems across the continent (Surawski et
al. 2012). It is argued to be a model which is capable of accounting carbon for land-based
systems, both transitional systems (e.g. forests which have been influenced by afforestation,
deforestation etc.) and ‘mixed’ systems (e.g. where agroforestry has occurred), primarily
through integrating remotely sensed data (Richards 2001). In order to improve the accuracy of
emissions modelling, a comprehensive database of historic forest management practices used
in Australia since 1970 was created which includes detailed tree species data which was
instrumental in the creation of FullCAM (Waterworth & Richards 2008). Richards & Evans
(2004) argue that FullCAM is a highly specific and cost-effective means of estimating carbon
stocks because of the spatial capabilities that FullCAM possess which arise from allowing the
integration of changes to land coverage obtained through remote sensing. Richards & Evans
(2004) recommends FullCAM as the analytic model to be used for Australia's unique forest
conditions in developing the National Carbon Accounting System (NCAS). However, as with
many forestry carbon accounting techniques FullCAM has not been without significant
academic criticism since its inception in 1970.
2.1.2 Limitations of carbon modelling
Volkova et al. (2015) argues that the problem of developing an accurate means of estimating
forest carbon capacity is a challenging one due to variability in forest carbon at a spatial scale,
as well as a lack of empirical biomass observations and soil carbon data. It is argued that this
lack of empirical observations inhibits the creation of accurate models to predict carbon stocks,
therefore questioning the efficiency of FullCAM. One complication which arises with
predicting and estimating a forests carbon sequestration potential (CSP) is that the forests
current carbon stock (CCS) needs to be compared with that of its carbon carrying capacity
(CCC). Estimations of forest CCC are often highly problematic, as parameters from empirical
measurements which are used in mathematical models are often restricted by a lack of field
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data (Roxburgh et al. 2006). One issue arising is that estimates of carbon residency times in
aboveground vegetation and in soil are rarely available due to the difficulty in measuring them,
and Roxburgh et al. (2006) propose that alternative methods to do so are needed. It is argued
in the paper that CCC can be predicted by using terrestrial carbon models that have been
calibrated with empirical data from mature, unlogged vegetation of a similar forest type.
Roxburgh et al. (2006) tested the accuracy of CSP estimates by comparing empirical
observations of current carbon stocks with that of modelled carbon capacities. Model–data
fusion techniques were used to integrate this empirical data within the modelling framework
which Roxburgh et al. (2006) argue creates an optimal fit between the data and the model.
Raupach et al. (2005) also argue that this technique will provide the best possible estimates to
be used as model parameters. The accuracy of model-data fusion was put to the test in a number
of forest zones in Kioloa, NSW, representing a range of different Australian environmental
conditions all with unique logging histories. It was found that the highest aboveground carbon
stocks were attributed to forests dominated by large trees which showed minimal evidence of
recent disturbances. Roxburgh et al. (2006) also found that in Kioloa carbon stocks in
aboveground biomass were well below the estimated capacity of the system. This was primarily
attributed to the loss of biomass due to logging. Results of this paper attest to the viability of
model-fusion techniques in determining sequestration potential across a range of spatially
diverse ecosystems, particularly where aboveground forest biomass is not at its full potential
due to historical logging practices such as Kioloa. Furthermore, Roxburgh et al. (2006) show
that in Kioloa aboveground biomass (AGB) makes up the greatest proportion of overall carbon
stocks in the forests (Roxburgh et al. 2006, Figure 4). For this reason and more discussed later
in this review, estimations of AGB will be used to quantify the carbon stock of UoW in this
study.
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because most areas within open Eucalyptus forests are not prone to anthropogenic impacts (e.g.
harvesting, land clearing) only emissions and changes to carbon stocks from a fraction of these
forests is reported in national carbon inventories and international greenhouse emissions
agreements (Volkova et al. 2015).
Other papers also critically assess the capabilities of FullCAM, proposing that it consistently
under-predicts AGC, particularly in open Eucalyptus forests (Roxburgh et al. 2010), which are
typically dominant in south-eastern Australia. Roxburgh et al. (2010) argue that the parameters
of carbon accounting models such as FullCAM need to be independently compared against
empirical observations to determine validity. Due to the growing interest in carbon
sequestration in native vegetation there needs to be a more consistent and transparent means of
estimating carbon stocks in Australian forests in order to implement carbon incentives more
successfully.
2.2 Carbon accounting and incentives
2.2.1 Policy and carbon credits
Since 1990, Kyoto Protocol terrestrial carbon accounting and carbon sequestration activities
have been chiefly focused on managing afforestation, reforestation and deforestation (Watson
et al. 2000). However, academics such as Roxburgh (2006) and Volkova et al. (2015) argue
that native forests which have not been anthropogenically impacted as of yet need to have more
consideration in carbon stock accounting. As well as this, there is much discussion regarding
the degree to which different forms of carbon action constitutes ‘credit’ within the context of
the Kyoto Protocol. Over the last 30 years there have been a wide range of methods, approaches
and criteria developed and field tested in an attempt to improve the evaluation and
quantification of the carbon offset benefits for forestry projects. Despite this research there is
still currently a lack of effective policy regarding a universal approach to be used for the
certification of carbon credits, resulting in large discrepancies between the claims of different
projects (Costa et al. 2000). This is particularly apparent between investor and landholder
interest, with incentives generally being geared towards one and not the other. This, in turn,
leads to a great deal of debate and uncertainty towards forestry carbon sequestration as a viable
greenhouse gas mitigation option. More standardized procedures for project analysis are
greatly needed to ensure more consistent results and greater comparability between carbon
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offset projects in order to maximize carbon credit incentives.
2.2.2 Carbon sinks versus abatement
Much of the debate around viability centres around land use change and forestry activities
(LUCF), with some parties on opposing sides regarding whether the LUCF sector should be
eligible for carbon credits (Noble et al. 2000). The European Union for instance opposes LUCF
receiving credits whereas the Unites States argue in favour (Fearnside 2001). The argument
arises from a number of issues both temporal and spatial such as land availability and project
permanence. It also brings into question whether mitigation strategies should focus more on
carbon sources or carbon sinks.
Another issue arises under Article 3.7 (the ‘Australia clause’) of the Kyoto Protocol where
there is a large debate surrounding whether to include deforestation as a type of land-use change
that could be counted for carbon credits (Fearnside 2000). Around the time of the Kyoto
Protocol Australia were experiencing a period of reduced land clearing and therefore proposed
that avoided deforestation be regarded as form of carbon sink (Van Oosterzee et al. 2010).
However, Fearnside (2000) argues that uncertainty regarding the actual carbon mitigation
benefits of avoided deforestation is expected to reduce the potential credits that can be assigned
to other relatively uncertain LUCF. Fearnside (2000) also proposes that reducing deforestation
could yield much greater benefits for global climate than expanding plantation silviculture
which is typically associated with being more carbon accredited, but the benefits of
deforestation reduction is much more uncertain. More accurate methods of estimating the
carbon content of forests will be able to decrease this uncertainty and will improve the carbon
sink credit system.
Cacho et al. (2003) explore the question of permanence, proposing that it arises due to LUCF
projects tending to be temporary in nature, as CO2 which is captured during the growth of the
forest are being released upon harvesting and natural decomposition. This means that carbon
sequestration is inherently reversible (Fearnside et al. 2000). On the other hand, it is argued
that programs within the energy sector that work to reduce emissions have more permanence,
in the sense that avoided emissions never get the opportunity to reach the atmosphere. It is also
argued that although LUCF activities have the potential to alter carbon fluxes to and from the
atmosphere over the course of several decades, fossil fuel emissions reduction schemes have
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more immediate effects which aids in reaching ambitious carbon mitigation targets earlier
(Fearnside et al. 2000).
2.2.3 Urban forestry
Hall & House (1994) propose that urban forestry (a form of LUCF) such as the planting of
trees in public/community areas and along roadsides, etc. can be a highly effective means of
promoting carbon emissions mitigation, as it is relatively cost effective, easy, and generally
linked with socio-economic well-being. As well as this, the transparent and public nature of
urban forestry can promote social awareness of the potential of tree planting and lead to viable
carbon sequestration policy. Lecocq and Chomitz (2001) also attest to the viability of
temporary sequestration projects, promoting that they are effective due to being highly cost
effective. They argue that temporary sequestration can be effectively used to keep atmospheric
carbon dioxide emissions below a set threshold level.
Brack (2002) conducted a study into the viability of urban forestry as a form of carbon
sequestration by looking at the effects of extensive tree plantings in Canberra which began in
1911 and was funded by the ACT government. The purpose of the paper was to examine how
an urban forest can provide both aesthetic value, as well as provide emissions mitigation which
in a similar way to the trees on UoW campus. In order for the assets of Canberra’s urban
forestry projects to be accounted, the managers responsible ordered the development of a
computer based system called Decision Information System for Managing Urban Trees
(DISMUT) which was based on simple health, growth and yield models (Brack 2006). The
system also has in-built inventory and growth models to assist in the accumulating, storing and
using of information about tree species planted in public areas. Because of this, DISMUT can
be used to predict spatially and temporally the cost of tree maintenance and management.
DISMUT was also used to calculate the mass of carbon sequestered (t) in trees during the
Kyoto commitment period of 2008-2012 in order to determine the viability of urban forestry
as a means of carbon emissions mitigation. Brack (2002) outlines the methodology used to
estimate the carbon capacity of Canberra’s urban trees before any nominal value can be
assigned. For this study, a conservative average basic density of 500 kg/m3 was assumed, as is
the minimum density for many Acacia and Eucalyptus species according to Ilic et al. (2000).
The bole volumes of each of the approximate 400,000 trees in Canberra were predicted by
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time horizon, meaning that in the same way, carbon emission reducing projects can also be
compared. Fearnside et al. (2000) argue that this approach to carbon accounting has great
implications on economic, social and environmental policy decisions, particularly when
deciding amongst multiple mitigation options. To show this, Fearnside et al. (2000) poses the
example of the choice between the creation of protected forest zones, and the establishing of
policy to slow deforestation, claiming that the tonne-year approach could aid in this decision
making as the choice is heavily dependent on time. The Revised Bern model (Figure 5) which
was derived from the tonne-year approach could greatly influence the decision-making process
when trying to maximise carbon credit incentives, especially for projects where time is limiting
factor.
Three of the four carbon accounting methods discussed in the paper by Cacho et al. (2003) are
based on this tonne-year accounting system in the sense that they all derive from the application
of either equivalence time (Te), or equivalence factor (Ef) which essentially relates to the effect
of keeping 1 tonne of CO2 out of the atmosphere over the course of 1 year. These three
approaches differ only in the timing of carbon-credit payments, with some offering greater
incentives to investors rather than landholders and vice versa. For instance, the tonne-year
method from the perspective of the investor is the most viable because it has the lowest cost
per tonne of carbon, but therefore provides little to no real incentive to the landholder to
sequester any more carbon than needed for trade, or the monetary incentive provided by the
timber market alone. The ‘ex-ante’ full crediting approach however involves the payment of
carbon credits in full at the commencement of the project and also requires a commitment to
the project lasting the entire equivalence time (Te), meaning that carbon credits apply only to
the carbon stock that is retained past this equivalence time threshold (>46 years).
Despite the immense potential of forests as terrestrial carbon sinks and claims that temporary
sequestration projects are relatively cost effective, the 2016 UoW carbon offsetting
environmental report (UoW Facilities Management Division – Environment Unit) found that
tree planting had the most expensive carbon reduction costs when compared to energy
efficiency upgrades and implementation of renewable infrastructure (Figure 6). Figure 6 shows
a number of different CO2 offsetting methods currently used by the UoW based on relative
cost, with the blue bars representing methods that eventually pay for themselves over a certain
period of time and red representing those with a long-term net cost. There are however a range
of claimable carbon incentives to help offset costs, as well as carbon accounting methods such
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Commonly, LUCF schemes are priced over relatively long periods of time since most juvenile
forests take at least 20 years to reach a harvestable size. As many forestry projects may be
initiated for long-term growth and protection of carbon credits, it is common for a project
analysis to last as long as several decades, and possibly even longer than Te (46 years) during
which time the reference case may undergo change as well (Sampson & Sedjo 1997). Lashof
and Hare (1999) however argue that due to the temporary nature of terrestrial carbon sinks,
allowing countries to emit more carbon via the fossil fuel sector into biotic carbon stocks (e.g.
forests) means that the release of carbon through decay or come harvest time will be greatly
exacerbated. Furthermore, this carbon saturation in natural sinks means that there will be less
options for mitigation within the LUCF sector due to their now reduced capacity. These are all
important factors to consider when determining the viability of carbon sequestration for an
institution or business.
2.2.5

Scale

Another component to be addressed which is central to the discussion of LUCF project
duration, permanence and mitigation is the question of scale. Harmon (2001) considers a
number of contrasting views from peer-reviewed studies in the debate around how to best
optimize forest carbon sequestration. Within the forestry sector, many professionals maintain
that juvenile forests have the most potential to sequester carbon due to their higher growth
rates, combined with the fact that more mature forests have greater rates of decomposition.
Theoretically, the combination of higher growth rates and lower decay rates suggest that the
replacement of older forests with juvenile plantings will enhance carbon sequestration (Newell
& Stavins 2000). The opposing view is that this replacement of more mature forests by younger
ones may result in a significant loss to the carbon sink, ensuing a net release of CO2 from the
biosphere to the atmosphere. Additionally, the replacement of mature forests also comes at the
cost of all of the ecosystem services that mature forests provide over and above those of
juvenile forests (Brockerhoff et al. 2017).
Harmon proposes that resolution of the debate lies in addressing the question of scale,
especially in regards to the establishment of forest carbon sequestration policy. It is argued that
tree growth and decomposition rates should not be the only processes taken into consideration
for this discussion. Photosynthesis, respiration, litter, soil and in particular natural and
anthropogenic disturbances such as fire and harvest are integral to devising viable carbon
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It is argued however that the development of complete and accurate forest carbon budgets is
inhibited by a poor understanding of the factors that control where carbon is stored and
allocated. These factors include gross primary productivity, respiration, storage and biomass
component partitioning (Keith et al. 2000). Keith et al. (2000) also argue that knowledge of
these factors is also necessary to predict the capacity of systems to sequester carbon under
different climate change scenarios and LUCF management strategies.
2.3 Reforestation incentives
2.3.1

Carbon farming

The carbon market was essentially created to provide an opportunity for landholders and
developers to receive financial benefits in the form of carbon credits in return for sequestering
carbon in aboveground vegetation and soils. Carbon sequestration for the purpose of receiving
these monetary incentives is also known as ‘carbon farming’, which Evans (2018) proposes is
key to meeting the ambitious targets of the Kyoto Protocol and the 2015 Paris climate
agreement.
To further promote these ambitious goals, an aggregation of policy put forward by the UN
Framework for Climate Change, UN Convention on Biological Diversity, and UN Sustainable
Development Goals aims to end global deforestation and restore approximately 350 million
hectares of degraded forest by 2030 (Evans 2018). These targets have arisen out of the growing
acknowledgment of the relevance of the terrestrial biosphere as a carbon sink. The 2015 Paris
climate agreement openly identifies the importance of promoting carbon farming financial
incentives arising from professional LUCF projects, and encouraged the 195 Parties present at
the Convention to take a more active role in governing such initiatives. Evans argues that if the
widespread adoption and implementation of reforestation is to be achieved at the scale set out
by the Paris agreement then Government intervention which can align these ambitions and
financial incentives with the ideas and motivations of private landholders is absolutely
essential. Such government involvement would greatly benefit institutions and businesses such
as the University of Wollongong. Royer (1987) argues that reforestation incentives are most
likely to fail for a number of key reasons, including if landowners are not in a financial position
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to consider carbon credits due to reforestation costs or income limitations, if they are
constricted by competing land management responsibilities and intentions, or if they are simply
not informed properly about reforestation incentives (in particular technical assistance that they
may be entitled to).
2.3.2

Assisted Natural Regeneration

Assisted natural regeneration (ANR) in forest areas relates to creating favourable conditions
for damaged or disturbed areas to grow back by itself in the least invasive and most economical
way as possible (Evans 2018). It involves expanding patches of native vegetation and
improving their condition via the removal of threats (e.g. weeds, invasive species), increasing
of natural disturbances to improve germination (e.g. fire) and many other techniques which
focus on ecosystem protection (Clewell 2009). ANR has been argued to offer a number of
advantages over reforestation and carbon farming which may aid in overcoming some of the
limitations and barriers laid out by Royer (1987). Firstly, ANR is highly cost effective as it
uses cost effective techniques to enhance the re-establishment of tree and shrub species within
a site which are already naturally occurring. This means avoidance of costly tree plantings
which in some cases offer no upfront monetary incentives depending on the carbon accounting
method used. Secondly, regenerated forests reduce large scale fragmentation and often promote
greater local biodiversity than tree plantings, and are therefore more likely to secure natural
ecosystem functions (Crouzeilles et al. 2020). This will in turn provide greater resilience to
weeds, pests, and climatic risks such as fire and drought than tree plantings which often consist
of monocultures (Evans 2018). The positive benefits of ANR though are currently poorly
utilized, understood and are often undermined by deforestation elsewhere across Australia.
Crouzeilles et al. (2020) argue that the potential of ANR to promote restoration on a large scale
is still poorly understood. Uebel et al. (2017) also agree that the restorative and ecological
benefits are poorly understood, which they claim is due to being poorly quantified. Uebel et al.
(2017) conducted a study to quantify the effects of assisted regeneration on land that had been
previously cleared in eastern Australia. Three different sites all within 120m of remnant forest
were studied in order to compare how the forest recovered after grazing with and without ANR.
The results showed the sites exposed to assisted regeneration exhibited a threefold increase in
canopy coverage and a fourfold increase in native tree and shrub species diversity compared to
non-assisted sites in the area, highlighting the ecological and potential economic benefits of
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investing in assisted natural regeneration. Uebel et al. (2017) propose that ANR benefits are
twofold, being significantly more cost-effective than other LUCF projects, as well as being an
effective way to accelerate the process of forest regeneration and reinstatement on agropastoral land. This is of particular importance for south-eastern Australia given the extensive
history of land clearing which has been occurring since the mid 19th century (Kasel & Bennett
2007).
There are a number of other benefits that come with ANR, with carbon sequestration often just
being a valuable side benefit to the intended purpose of ANR projects. Yang et al. (2018)
highlight the benefits of ANR forests over plantations in China, particularly in regards to
surface runoff and sediment yield which were shown to be 50% lower compared to plantations.
Furthermore, plant diversity was greatly increased with ANR and it was found that loss of
dissolved organic carbon was down 60-90% in the first 2 years. Yang et al. (2018) also found
that aboveground biomass of juvenile ANR forests was around 3-4 times greater than
plantations of the same age. This trend was observed right through to maturity, with ANR
showing an estimated biomass of 1.4 times that of mature plantations. For these reasons,
assisted natural regeneration has implications on the global carbon cycle and for biodiversity
protection.
2.3.3

Landholder participation

Reforestation, assisted natural regeneration and carbon farming schemes are particularly
important in encouraging ongoing public and landowner participation in mitigating greenhouse
gas emissions. This is achieved by encouraging land holders and investors to play a more active
role in the process as a whole, which by extension influences the participation of others in the
broader community (Torabi et al. 2016). Torabi et al. (2016) also propose that the positive
impacts of such participation can counteract hesitation around the viability of LUCF carbon
incentives such as carbon planting and ANR, and enable other landholders to see that is
possible to align existing land management responsibilities with carbon incentives. Torabi et
al. (2016) argue that the key to achieving this is for early adopters of carbon incentive programs
to demonstrate the physical results of their plantings and financial supplements to other
landholders and investors to attest to the viability of the process.
Accurately quantifying and accounting carbon yields and stocks across the country in an ongoing manner is central to attracting large carbon investments. More accurate carbon
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measurement tools are essential in securing these investments, and to capture the
environmental benefits that are achieved through large-scale ecological restoration of cleared
lands (Jonson & Freudenberger 2011). There is still much debate regarding the development
of robust carbon measurement tools, particularly in the use of generic or species-specific
equations for the calculation of carbon sequestration in dense, highly diverse forests.
2.4 Tree allometry
2.4.1 Application of allometric equations for estimating biomass
The allometric relationships of different tree species are used to estimate overall biomass
within an area and have quickly become a universally used tool for calculating carbon stored
in vegetated landscapes (Williams et al. 2005). The application and accuracy of allometric
equations, however, are not without academic disagreement and debate given their highly
variable nature, particularly in dense, highly diverse forested areas with a history of human
intervention. In order to estimate the aboveground biomass of all the trees on campus a variety
of allometric equations will applied which use diameter at breast height (DBH) as the
modifying variable across the different genera. The following articles review the application
of allometric equations using not only DBH as a variable but also wood density and tree height.
The advantages and inconsistencies in various case studies and projects of different equations
and methodologies are examined here, with academic discussion forming the basis of the
decision making behind the allometric relationships used in this study.
Effective vegetation management and successful LUCF projects require a thorough
understanding of tree and stand structure based on empirical data. Taylor et al. (2016) however
argue that data for Australian Eucalyptus woodlands are mostly based on forestry research
which tends to be limited and biased towards commercial / production forest types. In their
paper, Taylor et al. (2016) aim to improve allometric relationships, stand dynamics, and what
this means for critically endangered native temperate Eucalyptus woodlands in semi-arid
eastern Australia. 3748 naturally-occurring trees on 105 different one-hectare sites of remnant
vegetation in an agricultural landscape were studied in order to examine the impact of human
manipulation on allometric relationships. Specifically, tree height, diameter at breast height
(DBH), crown width, crown senescence, and vegetation density were the variables looked at
in order to determine the variability of allometric relationships. The results showed that growth
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rates for trees with a DBH of around 15cm changed from being relative to height to increasing
more in accordance with crown width. Trees with a DBH of greater than 15 cm showed large
and increasing variation in shape with increasing DBH, with tree dimensions varying amongst
species. Because of this, it is argued that equations based on tree dimensions in semi-arid
temperate eucalypt woodlands should employ relationships derived from native vegetation,
rather than from forests and woodlands which are managed for production / monocultures.
Taylor et al. (2016) also argue that anthropogenic influence on trees have led to a decrease in
vegetation density relative to native and forest plantations due to extensive tree removal which
has resulted in shorter trees on average with wider canopies for varying DBH. Results from the
study suggest that the current use of allometry using data from production forests where
vegetation is typically more uniform in density would not be appropriate for agricultural
landscapes. Taylor et al. (2016) conclude that there is a high degree of variability in the
allometric relationships of tree components within species in temperate eucalypt woodland.
This, combined with the variable growth rates of different species makes it more difficult to
accurately predict the outcomes of current land use practices. It was also found that a total of
four tree species made up 94% of all the trees measured, a disproportionality which is also seen
to a more limited extent on the UoW campus. Variation in forest types has implications for
whether species-specific or more generalized allometric equations be used to predict biomass.
In a study conducted by Paul et al. (2016) it was found that predictive efficiency of generalized
equations for stand-level biomass was 84-96%. Because of the high predictive efficiency of
these models Paul et al. (2016) propose that they be used for highly diverse areas with a wide
range of stands because of their cost effectiveness and because species-specific models only
improved efficiency by <l%. It is however recommended that new species-specific equations
be developed when accuracy of stand-based predictions are relatively high, such as when
dealing with high-value monocultures with low variability.
2.4.2

General versus species-specific allometric equations

Paul et al. (2016) examines the effectiveness of generalized allometric equations for predicting
aboveground biomass across a number of diverse Australian ecoregions. More than 15,000
individual measurements were taken from regions ranging from arid shrubland to tropical
rainforests in order to establish the degree of variation in predictions from general allometric
models, thus determining its accuracy. It was found that when generalized models were used
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instead of more species specific models there was a mere 1% loss of predictive accuracy. The
overall performance of general allometric equations for predicting aboveground stand biomass
was found to be as high as 99%, with most models (92%) showing no significant additional
bias when implementing multi-species models. For these reasons, Paul et al. (2016)
recommend that generic allometric equations be used as a cost-effective means of predicting
biomass in Australia, and that more specific models need only be used when predictions are
being carried out at the individual level (N<50), or if the additional costs associated with
developing these models are justified by the extent to which they improve accuracy. Speciesspecific models for sample sizes of >50 will result in greatly more significant costs than
generalized models, which may belie the increased predictive power. It was ultimately
concluded that general equation predictions of stand level AGB are an effective tool for
projects with a large sample area and where costs may be a limiting factor such as in this
project.
Similarly to Paul et al. (2016), Jonson and Freudenberger (2011) studied the allometric
relationship between tree dimensional measurements and total tree biomass in native
Australian eucalypt woodland in an attempt to develop more accurate allometric equations for
total biomass applicable to small, medium, and large native trees. In total 71 trees of eight
different local native species representing three different genera were destructively sampled.
Tree dimensions including stem diameter at various heights (130cm, 30cm, 10cm and 0cm),
tree height and canopy dimeter were recorded and compared against total biomass. This was
done to see how closely diameter at breast height (DBH) and other tree dimensions correlated
with above and belowground biomass in order to develop more accurate allometric equations.
DBH was found to be highly consistent with biomass, and from this data multi-species
allometric equations were generated. A general ‘all-eucalypt’ regression equation, as a well as
‘Mallee growth form’ equation which can be used to determine the growth habit of eucalypts
that grow with multiple stems were produced. Equations were then applied to the field
inventory data that was collected in order to determine how consistent the relationship is
between biomass and stand basal area at breast height. From the results Jonson and
Freudenberger (2011) argue that developing species-specific equations to determine biomass
for all Eucalyptus and Acacia species in south-western Australia is not a viable option due to
its costly and overall impractical nature, proposing that a generic or multi-species methodology
is justified. Ultimately, the study contributes to the predictive accuracy of allometric equations
used to calculate the carbon sequestered native Australian eucalypt woodland.
40

Nicholas Agostino (5386871)
Keith et al. (2000) review the accuracy of allometric equations for estimating large-scale
woody biomass, and the relationship between component biomass and tree dimensions in New
South Wales. In current practice DBH is the most standard and universally used variable,
therefore Keith et al. (2000) recommend that allometric equations used for large-scale
estimations of biomass should use DBH, with height also being applied as a modifying variable
in response to changing environmental conditions. It is argued that further exploration of the
relationship between DBH and height has the potential to broaden the application of allometric
equations requiring both variables, particularly for areas where records of tree height is not
available.
General allometric equations used in this project will be largely based on literature and studies
reviewed here. However, there is far from an academic consensus on the application of
allometric equations. Hamilton et al. (2005) argue that allometric relationships in eucalypts are
different among species, partially because they may have been influenced by past LUCF
management practices, meaning general equations may not be sufficient for diverse forests. Bi
et al. (2015) also propose that current biomass equations being used in south-eastern Australian
Eucalyptus forests are not adequately quantifying aboveground biomass and carbon stocks
because they are not adequately quantifying individual tree components. In an attempt to
enhance predictions of biomass and sequestered carbon, Bi et al. (2015) destructively sampled
a total of 245 trees of 11 different eucalypt species to determine dry to fresh weight ratios for
all four aboveground components (lower stem, upper stem, crown, and dead attached stem and
branch materials). Generalized equations were used to estimate parameters, from which linear
models were created to relate dry / fresh ratios to site specific data. Once dry weight data was
derived, two additive nonlinear biomass equations were developed for each of the 11 eucalypt
species. Bi et al. (2015) point out that in many field studies trees are weighed fresh but are not
subsampled for moisture content, meaning that the dry weight of their main biomass
components (lower stem, upper stem, crown, and dead material) has to be estimated. Bi et al.
(2015) go on to say that the way in which this is done for each of the four main biomass
components needs thorough consideration as it will subsequently influence the accuracy of
biomass relationships that are used in equations later. It is also found in the study that biomass
equations may have limited applicability for sample sizes of less than 10, meaning that
estimated residual variance may not be realistic. The application of general linear models by
Bi et al. (2015) are argued to be more accurate than many in current practice as they consider
the effects and specific variables of site, species and tree size in their estimation of dry to fresh
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weight ratios for biomass components. Ultimately, Bi et al. (2015) argue that more site-specific
additive biomass equations will yield greater prediction accuracy of biomass and carbon
storage in open eucalypt forests in south-eastern Australia than more generalized equations.
2.4.3

Biomass estimations in urban environments

Globally, urbanization is increasing at an exponential rate (Cohen 2006), meaning that the need
for more accurate evaluations of carbon dynamics in these systems is becoming more urgent.
Though there have been many studies that have analysed the carbon storage capacity, financial
viability and potential benefits associated with trees in urban environments, there are a number
of inhibiting factors which often undermine their accuracy. McHale et al. (2009) argue that
these studies are limited by lack of empirical data and research on urban tree biomass, and
McPherson (1998) also claims that estimates of urban environment carbon capacity lack direct
measurement of urban tree volume and biomass. McHale et al. (2009) argues that the heart of
the problem stems from estimates of carbon storage in urban systems being derived from
allometric relationships specifically designed for traditional forest environments.
McHale et al. (2009) compare predictions of biomass from allometric relationships developed
specifically for urban trees to relationships developed for traditional forests. The study
compares biomass calculations at the individual and community level in order to determine the
variability and error range associated with the use of allometric relationships which were not
developed for urban environments. McHale et al. (2009) found that the variability for
individual trees was as high as 300% in some areas, and reaching as low as 60% in others.
Based on these results, McHale et al. (2009) argue that allometric relationships associated with
trees in traditional forests do not accurately represent urban trees. This is, in part, related to
urban environments typically exhibiting lower tree density than forests. Because of this there
is less light, water and nutrient competition, meaning that a tree species which is present in a
traditional forest environment has the potential to experience increased growth rate and
allocation due to reduced nearby competition when in an urban environment. This decrease in
nearby competition is exacerbated by humans supplementing the environment with increased
water and nutrients, leading to an increase in ecosystem carbon storage capacity in urban
environments arising from a surge in net primary productivity (Imhoff et al. 2004).
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It is also argued that the amount of variability observed between urban and traditional forest
allometry could be reduced to as low as 10% by standardizing the methodology used and by
using more generalized equations. This however would not significantly increase the accuracy
of biomass predictions, which McHale et al. (2009) argue would require the development of
more allometric relationships specifically formulated for urban trees that would not under
predict biomass. McHale et al. (2009) conclude that there is currently a significant lack of
confidence in the accuracy of urban biomass.
2.4.4

Belowground biomass

Keith et al. (2000) discuss belowground biomass as a major component of uncertainty when
quantifying total tree biomass. Much of this uncertainty is due to limited information existing
as a basis for estimating root biomass, as well as insufficient data and allometric equations
leading to a poor understanding of the relationship between root mass and DBH. They also
argue that much of the uncertainty arises due to estimates of belowground biomass being based
on below-to aboveground biomass ratios. This means that predictions are inhibited by upper
and lower limits, and also greatly vary in response to factors that control the partitioning of
biomass such as photosynthesis (Sharkey 2015). The application of a constant ratio is also said
to bring about large variances, making it not appropriate for many studies. Ultimately it is
argued that more robust data is needed on belowground biomass, with the aim in mind of
refining the understanding of processes that control carbon partitioning and net carbon storage
within underground root systems. This will aid in establishing more accurate relationships in
below-to-aboveground biomass rates in response to climatic conditions, as well as nutrient
availability, genotype, age and the growth form of trees. A greater understanding of these
trends will ultimately result in more accurate allometric equations. Due to the uncertainty
regarding belowground biomass data, coupled with a number of limiting factors including time
and resources, this project will focus solely on estimations made of total aboveground biomass.
This decision was also made based on the findings of Roxburgh et al. (2006) who highlight
that aboveground biomass makes up the greatest proportion in overall forest carbon stocks.
Tree height, volume and DBH will be the variables used in this process, as is recommended
when using large scale predictions of biomass. Chave et al. (2005) also attest to the use of DBH
when predicting biomass over a broad scale, claiming that the use of diameter as a variable has
a history of reliability which is made feasible by the access and compilation of large allometric
datasets such as the Arbor Safe database available for the trees on UoW campus.
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2.4.5 Modern application of remote sensing for forestry
Recent advancements in remote sensing technology provides forestry experts and project
managers with the ability to take a comprehensive aerial view of an area and capture variability
in certain attributes such as DBH, height and canopy spread (Vashum & Jayakumar 2012)
which would have substantial implications on a study such as this. Vashum & Jayakumar
(2012) highlight the key advantages of modern remote sensing over more traditional data
collection, stating that the technology allows the user to cost effectively survey inaccessible
regions and monitor attributes on a local, continental or even a global scale which has
significant implications for terrestrial carbon accounting.
Of particular interest for forestry projects are remote sensing methods which involve laser
profiling such as LiDAR. LiDAR involves the use of light pulses in the form of lasers to
measure variable distances from an aerial position to the Earth, producing distance data that
can be interpreted to discern multiple attributes of interest. Nelson et al. (1988) conducted a
study to determine the effectiveness of laser profiling for the estimation of forest biomass and
volume during a time where remote sensing was still being developed into what is available
today. Nelson et al. (1988) correlated field measurements taken along specific survey lines
which align with the laser flight lines to ground truth the height ranges obtained from laser
profiling. It was found that the best models in the study accounted for between 53% and 65%
of variability noted in ground observations and measurements of forest biomass. Since then
however there have been significant improvements in the field of remote sensing. In a more
recent study, Lefsky et al. (2002) estimated the AGB across three different biomes-temperate
deciduous, temperate coniferous and boreal coniferous, and used LiDAR remote sensing to
measure the height of the trees. This height data was ground-truthed with field measurements
in a similar way to the study conducted by Nelson et al. (1988), and biomass was calculated
based on each of these methods. Lefsky et al. (2002) found that a single equation explained
84% (P < 0.0001) of variance in AGB with LiDAR data producing no statistically significant
bias in its height and volume predictions for any of the three sites.

Currently, a number of new space missions are underway with more anticipated which aim to
launch several very high resolution optical satellites, using cheaper and smarter technology
than today (Koch 2010). This will produce more refined data which can be turned into more
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robust algorithms that can be used to estimate biomass and other forestry variables and
interactions. Modern advancements in remote sensing are increasing the number of explanatory
variables available and is increasing the quantity and quality of spatial organization for
determining forest biomass (Yu et al. 2019).

CHAPTER THREE: METHODOLOGIES
In this project the University of Wollongong was chosen as the benchmark study site used to
determine the emissions offsetting potential of carbon sequestration in trees for tertiary
institutions, and has particular importance for future carbon management on campus. The
primary goal of the project is to quantify carbon storage at UoW in order to be able to inform
on a carbon strategy which best utilizes trees as an offsetting strategy, with consideration to a
number of factors such as time, financial feasibility, space and other carbon mitigation
strategies already in place.
When observing trends in historic aerial imagery from the last 82 years (Figure 2) the
establishment and progression of tree plantings by the landscape team can clearly be seen.
Throughout this time no main vegetation type was specifically adhered to as it was dependant
on the landscape team at that time. As UoW has expanded primarily endemic species to blend
in with the surrounds have been planted and because of this a high proportion of native
Eucalyptus, Casuarinaceae and Melaleuca trees are observed on campus today. However,
depending on who the landscape supervisor was at the time there have been a number of exotic
species also planted, which as ultimately led to there being a relatively wide variety of species
across the campus comparably to a naturally growing forest. The Arbor Safe tree inventory
dataset was created to track and account for these trees on campus that have been tagged.
Addressing the aims of this project can effectively be undertaken in three distinct steps, with
the final goal of comparing present and future carbon stocks on campus with that of the UoW
annual carbon budget.
3.1 Surveying and Arbor Safe Tree Inventory database infilling
The first major step and one that was integral to the creation of the project was to assess the
advantages and limitations of the 2019 Arbor Safe UoW tree inventory data set which was
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provided by the UoW Facilities and Management Environment Unit. The database is an
extensive excel sheet which was created for risk management purposes, containing data for
3888 individually planted trees from all over the campus. This data includes tree ID, location,
botanical name, height, diameter at breast height (DBH), canopy spread, age and life
expectancy (ULE). Specific height (m) and area (m2) values were calculated from this provided
data which were then used to determine the volume (m3) in a separate excel column. The data
forms the basis for estimations made of the total campus aboveground biomass and
subsequently the overall current carbon stock of UoW.
In forest ecosystems, organic carbon accumulates in above and belowground biomass through
the absorption and assimilation of atmospheric CO2 through photosynthesis. The carbon stock
of UoW campus that is calculated here refers to that of the carbon which is stored in living
aboveground biomass, which includes standing timber, bark, branches, foliage and all other
aboveground components of the tree. However, estimations of an areas carbon stock are
frequently problematic, as parameters from empirical measurements which are used in
mathematical models are often restricted by lack of field data (Roxburgh et al. 2006). Lack of
data has caused issues for this project as the Arbor Safe tree inventory dataset only includes
data for tagged trees, with much of the campus being currently untagged. This is due to the
inventory dataset being created for risk management purposes, meaning that only trees that are
close to paths, buildings, and in areas with regular human interaction have been tagged and
subsequently recorded. To address this gap, surveying was undertaken in certain areas to obtain
a more thorough inventory of trees on campus to be able to determine UoW’s current carbon
stock. In order to determine which areas on campus are missing data the Arbor Safe excel data
sheet was converted to a point GIS layer (shapefile), and then overlaid onto a map of the UoW
campus on ArcGIS (Figure 8). Figure 8 shows areas on campus with high tree density and
limited database information where field surveying was undertaken (red stars) in relation to the
UoW boundary and currently tagged trees (yellow rings). These yellow rings represent every
tree present in the Arbor Safe database, with various widths representing individual tree DBH.
Surveying was undertaken in the areas labelled, with measurements of individual trees
recorded and then added into the original database to make it more complete before biomass
estimates could be made.
The application of peer-reviewed allometric equations are a valuable means of estimating
aboveground biomass for a given area as they negate the need for destructive sampling within
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the study location which is often unfeasible for many projects such as this one. Whilst it is
argued that methods for estimating tree biomass involving felling are the most accurate means
of estimating biomass, these methods are expensive, time consuming, labour intensive and
destructive. Furthermore, they are typically viable for only a small sample of trees and smallscale analysis as destructive sampling is not practical for large areas, particularly those with
protected species (Vashum & Jayakumar 2012). Due to such limitations, only non-destructive
methods were used to estimate aboveground biomass in this project. Non-destructive methods
involve the application of species-specific or general allometric equations and involves no
felling whatsoever. Generally, this involves extensive fieldwork which in itself can be
problematic, or even impossible to carry out in forests which are remote and inaccessible
(Kandel 2011). Access to the extensive UoW campus Arbor Safe tree inventory made this
process much more feasible given the limited time frame, cost and labour restrictions.
An example of field measurements taken is shown in appendix 1, consisting of GPS
coordinates (Easting and Northing), species, height (m), DBH (cm) and any significant
comments. The process involves selecting a random tree in a suitable location as the centre,
and recording data for every tree within a 15m radius around it. Location was found using a
Garmin GPSmap 62 handheld GPS which is accurate to ~5 metres. Tree species was
determined by crosschecking with the Arbor Safe database, Janet Cosh Herbarium, and by
conferring with Anthony Wardle of the UoW landscape department. Tree height was found
using a Nikon Forestry Pro handheld range finder and DBH by using measuring tape at breast
height (approximately 1.3m). Tree diameter was measured at 130 cm height above ground level
to avoid exposed stem buttress or swelling which is common in some species on campus, thus
better representing the diameter of the overall trunk (Paul et al. 2016). A total of 12 different
sites across campus were surveyed, with multiple surveys being taken for larger areas (e.g.
north side of the Ken Ausburn walking track and the natural corridor adjacent to the Princess
Motorway) in order to get a more robust approximation of biomass. In total there are five key
unknown areas, with several survey sites within them. They include 1. Old creek (site 1), 2. the
lawn adjacent to Kooloobong Village (site 5), 3. south side of the Ken Ausburn walking track
(site 2), 4. north side of the Ken Ausburn track (sites 3,4,6,11,12) and 5. natural corridor
adjacent to Princes Motorway (sites 7,8,9,10). It is approximated that these sites contain a total
of 3990 trees which are not present in the Arbor Safe database. Data was recorded in a new
excel sheet (Table 4) for each site location, from which biomass for each individual tree and
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3.1.1 Application of allometric equations
Allometry refers to the relationship of proportional size changes in the attributes of an
organism. Tree-based allometry can be used to calculate aboveground biomass which is
correlated to easily measurable variables based on biometric field data such tree density, height
and trunk diameter and amongst other characteristics (Williams et al. 2005). At the individual
level, the accuracy of allometry-predicted AGB can be validated by independent sampling of
new plants (Paul et al. 2016). However, it is argued that sampled plants have to have been truly
selected at random which is a requirement for independent sampling. Paul et al. (2016) argues
that if specific criteria have been applied for selection (e.g. only healthy trees) the resulting
allometric model may be inherently biased which is a significant issue for many projects that
rely on an accurate estimation of biomass. This is not the case for this study as majority of the
data used for biomass estimations does not come at random but rather from the thorough Arbor
Safe database. Surveying was also done with as little bias as possible by selecting 15m radii at
random, with all trees of any condition (alive, dead, decaying etc.) being documented within
that set radius.
Forest carbon sequestration includes a number of interrelated components besides tree growth,
therefore estimations of complete carbon carrying capacities has the potential to be highly
problematic (Norby et al 1996) and is not without significant academic debate. It can prove
difficult to accurately quantify the carbon budget of even a simplified system, meaning that
attempting to calculate an accurate estimation for a highly diverse system such as UoW is a
challenging one. There are a number of different parameters that can be used to estimate
biomass, but based on the data provided in Arbor Safe UoW database, time restrictions and
complexity issues, the only predictor variable used in this study was tree DBH. Snowdon et al.
(2000) argues that whilst allometric equations using both DBH and height as predictor
variables can improve model accuracy in some cases, DBH is still the most consistent and best
explanatory variable. Because of this there are a limited number of existing allometric
equations or inventory data that include height. This was problematic when estimating biomass
for areas with a great variety of tree genera such as UoW as the aim was to keep models as
consistent as possible which would be harder to achieve when some models are derived from
different or more predictor variables than others. Four out of the six main models used to
estimate campus biomass (Table 5) were derived from Paul et al. (2016) who found very little
model performance improvement when specific site characteristics and other variables such as
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height and density were included. This decision to use models which use DBH as the lone
predictor variable was justified by these reasons as well as the higher correlation being found
with DBH than height as shown in Figures 9 & 10. Uncertainty surrounding the height ranges
recorded for trees in the Arbor Safe database was also a factor contributing to this decision.
The equation used in this study to estimate the biomass of genera Eucalyptus, Corymbia and
Syncarpia were developed by Paul et al. (2016) specifically for eucalypt species and closely
related genera which includes Corymbia and Syncarpia of the Myrtaceae family. Paul et al.
(2016) also developed a universal hardwood equation for wide range of Australian ecoregions
which was used to estimate the biomass of species on campus which represented <1% of the
total volume. Paul et al. (2016) generated these equations in a study which aimed to examine
the accuracy of general allometric models for aboveground biomass prediction of 15,054
measurements of individual trees throughout Australia. These measurements took place across
826 different sites in various ecoregions of Australia, and comprised 274 different species. Of
these species, approximately 40% were Eucalyptus species (n = 6021), and other native
Australian hardwoods representing 36% (n = 5418). This unprecedented sample size provides
a robust case study for measuring the biomass of Australian genera, particularly for eucalypts
and closely related genera and for hardwoods in general. It was found that simple power-law
models explained 84–95% of biomass variation, with the maximum accuracy decrease of 13%
when applying general temperate hardwood equations in place of species-specific models. It
was found that the largest improvements in predictive ability were achieved when applying
specified equations at the level of species, but with little loss of accuracy (<1%) when
generalized to the level of genus. For these reasons, it was deemed appropriate to use a single,
universal hardwood equation for all mixed tree species on campus representing <1% of total
volume, and genera-specific models for those >1%.
Casuarinaceae and Melaleuca were also found to be common genera on campus, representing
the second and third most prominent trees on campus (Table 7) meaning that they required
specific allometric equations in order to achieve the most accurate estimation of CCS as
possible. Equations were developed by Paul et al. (2013) based on a study in southern and
eastern Australia for Casuarinaceae (100 individuals) / Melaleuca (172 individuals) amongst
other genera across 22 sites. Equations produced for both Casuarinaceae and Melaleuca
individuals were found to have a model accuracy of 91% and were highly significant
(P<0.001). It was concluded that general mixed species Casuarinaceae and Melaleuca had
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biomass prediction errors of <11% when used in place of more specific models, and that
generic equations which are genera-specific such as those used here offer the best compromise
between predictive accuracy and cost-effectiveness.
Snowdon et al. (2000) produced a model that predicts AGB for Acacia and Eucalyptus genera
as they are grouped together under the same Australian Carnahan classification taxa, and
together dominate approximately 156 Mha of Australia’s forests (NFI 1998). Acacia and
Eucalyptus trees were also grouped together because of their relatively high root / shoot ratios
for which root biomass data as a grouping was readily available. Furthermore, it was found that
Acacia and Eucalyptus biomass was highly correlated, particularly when plotted against DBH.
Snowdon et al. (2000) found that biomass estimates of Acacia species when calculated with an
equation with an intercept of -2.12 (same as that of Eucalyptus) had a root mean square error
of 0.0868 and that the allometric model used was highly significant (P<0.001). The relationship
developed for Eucalypts by Paul et al. (2016) is more robust than the relationship produced by
Snowdon et al. (2000) which was used only for Acacias.
Maraseni & Mitchell (2016) explore the rates of sequestration for a number of species which
dominate Australian riparian vegetation including Angophora floribunda. Part of this study
was to determine which species had ‘excellent’, ‘good’ and ‘poor’ average aboveground
biomass (determined by its biomass loss factor) based on a number of attributes including
‘tree’, “regrowth” and “habitat”. The coefficient (-1.82) and b intercept (2.26) were designed
specifically for Angophora floribunda species and therefore greatly contributed to the overall
accuracy and robustness of campus biomass estimations.
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Table 5: Aboveground biomass (kg) equations for various genera which represent >1% of campus
tree volume. (DBH =cm). All equations were designed for temperate Australian trees and were
found to be highly significant (P<0.001)
Equation

Equation (aboveground biomass)

Genus

Reference

no.
1

=EXP(-2.016+2.375*Ln(DBH))*1.067

Eucalyptus,

Paul et al. (2016)

Syncarpia &
Corymbia
2

=EXP(-2.22+2.45*Ln(DBH))

Casuarinaceae

Paul et al. (2013)

3

=EXP(-2.57+2.19*Ln(DBH)+0.465)

Melaleuca

Paul et al. (2013)

4

=EXP(2.475*Ln(DBH)-2.121)

Acacia

Snowdon et al.
(2000)

5
6

=EXP(-1.82+2.26*Ln(DBH))
=EXP(1.693+2.22*Ln(DBH))*1.044

Angophora

Maraseni &

floribunda

Mitchell (2016)

General

Paul et al. (2016)

Hardwoods
(mixed)

3.2 Estimating current carbon stocks on campus
To estimate the overall current carbon stock of the campus biomass estimates for surveyed
areas (those not present in the Arbor Safe database) had to first be calculated. This was achieved
primarily by determining the area (m2) of each of the five unknown areas (as outlined in Table
6). This was achieved by drawing a polygon of the area five times on ArcGIS, which gives a
number of outputs such as m2, and then taking the average of these outputs so as to minimise
human error associated with drawing the polygons by hand. Once total area (m2) was
approximated for each of the survey sites a number of conversions needed to be calculated on
excel in order to be able to apply the allometric equations shown in Table 5. This involves
ensuring that surveyed data was consistent with the rest of the database and consistent with
allometric models previously used. Firstly, the number of hypothetical radii for each of the five
key areas was found (total area / area of circle with a 15m radius). Then an estimated total
number of trees for each site was calculated by multiplying the average number of trees per
radius by the hypothetical number of radii for that area. The average DBH of an individual tree
across multiple survey areas for each site was also calculated. Various allometric equations (as
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outlined in Table 5) were applied depending on the genus of the surveyed tree, and the biomass
sum for that site was calculated based on these results. Finally, total biomass calculated for
each site was multiplied by the hypothetical number of radii estimated to be within that area
(Table 6). Biomass estimates for each of the five key areas are classed as a single tree for the
purposes of an overall biomass estimation as this section of the results is quantitative not
qualitative.
Biomass calculation for the rest of the campus was much simpler as all DBH values were
recorded in the Arbor Safe database, however there were some decisions to be made regarding
the application of mixed species generalized or genera-specific allometric equations. Mohns et
al. (1988) argue that the use of the general equations may not accurately reflect the relative
contribution of total ecosystem biomass if each species type is not known or accounted for. If
this contribution was known in some cases, it would significantly enhance the accuracy of the
estimate of total ecosystem biomass. However, it was unfeasible to apply a species-specific
equation for each of the 151-different species of trees observed on campus because of time
constraints, complexity issues and because many of the less common trees on campus have not
yet had equations made for them. Furthermore, because so many species on campus represent
such a small proportion of campus biomass, the improved accuracy of carbon stocks that may
or may not come from additional species-specific equations would likely be negligible. For
these reasons, it was decided that tree species be grouped as the respective genus that they
belong to and that genera-specific equations would be obtained from published sources and
applied. To determine which equations to use, volume was calculated for each individual and
total genus volume was quantified in order to determine the proportion of campus volume that
it represented. Volume was calculated by multiplying specific height of the tree by its crosssectional area (pr2). If the genus represented >1% of the total campus volume then it was
deemed necessary to find genera-specific allometric equations for them in order to attain a
more robust campus biomass estimation. If the genus represented <1% of campus volume, then
the general mixed species hardwood equation developed by Paul et al. (2016) was deemed
appropriate.
Once aboveground biomass for both the Arbor Safe data and surveyed sites was calculated a
0.5 conversion factor was then applied to convert biomass to carbon storage. A conversion
factor of 0.5 is the generally assumed carbon concentration of the different components of a
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tree (Brown 1997; Zeng 2014; Petersson 2012) and was found by Keith et al. (2009) to be an
accurate representation of carbon for trees in Australian temperate forests. Following this a
stoichiometric conversion factor of 3.67 (44/12) was used to convert carbon storage to carbon
dioxide equivalents (CO2 eq.), which is the atomic weight ratio of carbon in carbon dioxide.
Based on this ratio 1 ton of organic carbon is equal to 3.67 tonnes of CO2 eq. Carbon residency
time for soil and other organic matter was not a component of this study, with the focus being
solely on aboveground tree biomass and the CO2 equivalent that is sequestered there.
3.3 Calculating yearly rates of sequestration using specific growth rates
At first a linear rate of tree growth was assumed and was calculated by dividing the current
campus biomass by time since planting (Forrester et al. 2004). This is the most simplistic
method of calculating growth and assumes that growth has been constant since planting. Time
since planting was estimated to be around 52 years which was on when UoW first starting
occupying the land and can also be observed through aerial imagery as shown in Figure 2.
However, it is likely that linear extrapolation of a high growth rate will over estimate carbon
storage with models generally have large error ranges (Fehrmann et al. 2008). As well as this,
linear biomass growth rates would not show how fast individual species of interest sequesters
carbon, nor would it accurate depict carbon uptake during the early development of the trees.
For these reasons, it was decided that species-specific DBH increment data would be used to
calculate a more robust idea of past carbon stocks and rates of sequestration.
Specific species DBH increment data (cm per year) were found from various sources for the
top 25 most prominent trees by volume (m2) on campus. Bowman et al. (2014) provided
specific diameter increments for a number of Eucalyptus, Corymbia, Syncarpia, Acacia and
Angophora species derived from a dataset containing around half a million measurements of
temperate Australian tree diameters from over 2000 permanent forestry plots. These plots have
been established since the 1930s for the purposes of monitoring Australian tree growth. The
key aim of the paper was to apply generalized additive models to observe the relationship
between DBH growth and temperature. Bowman also provided an average temperate
Australian tree DBH increment growth rate of 0.41 cm per year which was based on this
extensive dataset across a multitude of rainfall gradients. This value was used for general
hardwoods that made up <1% of campus volume.
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Growth data for temperate Australia Melaleuca and Casuarina species were particularly
difficult to come by as they are not as well studied as Eucalyptus, Acacia and Angophora
species. For species in this top 25 highest volume count where specific increment data could
not be found mean increment values were used from a study conducted by Ngugi et al. (2015).
These values were derived from a dataset of over 86,400 Australian native species which were
measured a number of times between 1936 and 2011 across 641 permanent sample plots across
multiple rainfall gradients.
These various increments from published sources were subtracted from the DBH value of every
tree present in the Arbor Safe database dependant on its species type, and biomass was then
calculated in same way as previously using the new DBH values. The same process was applied
to the additional surveyed data from areas shown in Figure 8. This new total biomass value
represents campus biomass for 2019, and the difference between 2019 and 2020 biomass totals
shows an estimate of the amount of biomass amassed over a 1 year period, and therefore the
tonnes of CO2 eq. sequestered over the course of 1 year. The same process was applied over
10, 20 and 30 year intervals to assess how growth rates have changed on campus and
subsequently how sequestration has varied with time and tree maturity. If the diameter
increment subtraction made the DBH of an individual tree less than 0 then biomass was given
as 0 rather than a negative value.
CHAPTER FOUR: RESULTS
4.1 Total campus aboveground biomass, current carbon stock and CO2 emissions
equivalent
The total estimated aboveground biomass for all trees present in the Arbor Safe database was
4235 tonnes which makes up approximately 51.5% of campus biomass. In total, it was found
that UoW campus has around 8220.86 tonnes of aboveground biomass. The five surveyed
regions made up 3985.06 tonnes of total biomass across campus, and it was found that the north
side of the Ken Ausburn track had the greatest total area and therefore contributed most to the
carbon stock (estimated 2,678 tonnes of AGB) of all the areas not present in the Arbor Safe
database (Table 6). However, biomass was most dense at the Old creek site, with an average
biomass of 39,196 kg per 15 m radii as shown in Table 6. The dense structure of this area can
be clearly observed across multiple time stamps in Figure 2. When these sites are combined,
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they make up approximately 48.5% of total campus carbon stocks (Table 7). For the matter of
perspective, a single eucalypt with a DBH of 130 cm was found to have an AGB of 14.9 tonnes
which is the equivalent of 27.34 tonnes of abated CO2 eq. up until this point in its growth.
Based on estimations of biomass it was found that the carbon stock of the entire campus was
4110.4 tonnes (tagged trees representing 2117.9 and untagged 1993.5) which equates to
approximately 15082.27 tonnes of CO2 eq. based on the stoichiometric conversion factor of
3.67. These appear to be very reasonable findings based on studies and forestry projects based
on tree inventories of a similar size. The 15082.27 tonnes of CO2 eq. that has been sequestered
by trees on campus over their entire lifetime offsets approximately 31% of campus carbon
emissions for the year 2019 (UoW facilities management division 2019) (Table 1). However,
the degree to which trees on campus offset emissions on a yearly basis from a single year of
growth is significantly lower.
Table 6: Total area, average and aboveground biomass (kg) for each of the 5 areas on UoW campus
not present in the Arbor Safe database (untagged).
Site

Total
2

area (m )

no. of 15m

Average AGB

Total AGB

Tonnes of CO2

radii within

(kg) across

(kg)

eq. sequestered

area

site(s)

Old creek

5,476

7.7469

39196.00

303649.9

557.2

Lawn adjacent

17,245

24.398

14323.47

349445.4

641.2

31,004

43.862

7703.20

337875.8

620.2

172,088

243.455

11003.06

2678749

4915.5

39973.5

56.551

5579.77

315536

579.0

to Kooloobong
Village
S. side of Ken
Ausburn track
N. side of Ken
Ausburn track
Natural
corridor
adjacent to
Princes
Motorway
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4.2 Performance at the genera level
Excluding the category ‘Other hardwoods’, biomass of all other trees across both the Arbor
Safe and surveyed data were found with genus-specific allometric equations. These trees make
up 94.6% of total campus carbon stocks. When combined, Eucalyptus, Corymbia, Syncarpia
genera and general hardwoods make up approximately 66.76% of total campus carbon stocks
(Table 7), with Eucalyptus trees as a whole sequestering the most of any genera on campus
(53.58%).
To assess the potential carbon carrying capacity of different genera on an individual basis a
fixed DBH of 10, 30, 60 and 100cm were set and genera-specific allometric equations were
applied to determine which contained the greatest biomass for each test. It was found that
across all tests Acacia trees sequestered the most carbon on an individual basis, followed by
Casuarinaceae, Eucalyptus, general hardwoods, Angophora and finally, sequestering the least,
Melaleuca. It is seen in Table 7, however that despite the high carbon carrying capacity of
Acacia’s, they represent a mere 4.82% of carbon storage on campus. These results are
important when making recommendations as to how best to promote carbon uptake across the
campus.
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Table 7: Proportion (%) and tonnes of CO2 eq. sequestered by genus (tagged), tonnes of CO2
eq. sequestered by untagged trees and total campus tonnes of CO2 eq. sequestered.
Genus

No. of

Tonnes of CO2

Proportion of

individual trees

eq. sequestered

carbon sequestered
on campus (%)

Eucalyptus

1471

4162.66

53.58

Corymbia

356

741.89

9.55

Syncarpia

50

281.82

3.63

Casuarina

588

1087.41

14.00

Melaleuca

377

216.29

2.78

Angophora floribunda

52

91.67

1.18

Acacia

287

374.39

4.82

Other hardwoods

717

812.64

10.46

Total tagged across campus

3888

7769.07

51.5

Total untagged across campus

3990

7313.15

48.5

7878

15082.27

(species representing less than 1% of
campus volume individually)

(approximate)
Total across all trees on campus

4.3 Rates of sequestration based on variable tree growth
Assuming linear growth since campus was farmland it was found that campus biomass
increased by 158.09 tonnes of biomass per year since initial plantings were estimated to have
begun around 1968. This is the equivalent of 290.10 tonnes of CO2 eq. a year. This assumption
significantly over estimates carbon sequestration in the early years of tree growth on campus
as juvenile forests have significantly less biomass and therefore less sequestration potential as
shown by Sampson & Sedjo (1997). It is much more likely that as time goes on trees on campus
will sequester higher rates of carbon up until a certain point dependant on its species (Cacho et
al. 2003).
Based on the variable growth rates calculated from species-specific DBH increment data it was
found that in 2019 UoW had approximately 14757.20 tonnes of CO2 eq. stored within
aboveground biomass, meaning that over the course of 1 year approximately 325.07 tonnes

59

Nicholas Agostino (5386871)
were sequestered (Table 8). This means that AGB across campus offset 0.68% of UoW’s
carbon emissions in 2019 according to the results of UoW facilities management division in
2019. However, the amount and rate of CO2 eq. being sequestered each year is not constant.
This is because variable growth rates based on diameter increments were used in place of a
linear growth model as they show a more accurate depiction of carbon stocks during various
life stages of a forests maturity. It was found that the rate of sequestration over time has been
increasing at a variable rate as shown in Table 8. If linear growth was assumed since trees were
estimated to have been planted 52 years ago then the current carbon stock of the campus would
be approximately 16903 tonnes of CO2 equivalent given the rate of sequestration between
2019-2020. This is an overestimate which is expected as linear growth cannot be assumed due
to trees experiencing variable rates in tree growth with their given age.
Table 8: Amount of CO2 eq. (tonnes) sequestered on UoW campus annually and decadally, as well as
average rates of sequestration based on variable growth rates.
Year

Total tonnes of CO2

Tonnes of CO2 eq.

Average rate of CO2 eq.

eq.

sequestered between

(tonnes) sequestered for

then and 2020

this time period

2020

15082.27

2019

14757.20

325.07

325.07

2010

12168.93

2588.27

285.83

2000

9622.68

2546.25

254.62

1990

7116.05

2506.63

250.64

CHAPTER FIVE: DISCUSSION
This study is the first to investigate the degree to which tree carbon sequestration offsets the
carbon budget of UoW, and one of the few existing studies that examine the on-campus
viability of natural carbon offsetting for tertiary institutions in Australia. The core aim was to
estimate the amount of carbon currently locked up on campus and determine the proportion of
emissions that are offset by this carbon on a yearly basis. The secondary aim was to establish
trends in the rate of sequestration through time on both a species-by-species and campus as a
whole basis. Based on these conclusions, a number of recommendations will be made on how
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to further promote this uptake, as well as other carbon farming options available to further
mitigate emissions.
5.1 The viability of trees for carbon offsetting purposes
It is estimated here that approximately 325.07 tonnes of CO2 eq. have been sequestered by
aboveground biomass between 2019 and 2020 which equates to 0.68% of UoW’s emissions
for 2019. Though this proportion is low, it does not take into consideration below ground
carbon storage in trees, nor carbon stored in the grass and soil of UoW which is likely to be a
significant amount. These are areas for future study. which would improve the understanding
of the current carbon stocks on campus.
It is also unfeasible to think that trees in a heavily urbanized area could offset a business the
size of UoW’s carbon budget entirely. It is however not to say that trees do not have a place in
carbon mitigation. To begin with, majority of the trees on campus are relatively young, as
observed in the aerial imagery time stamps (Figure 2). The campus was mostly farmland in
1948 which means that a significant proportion of trees observed today are still in their juvenile
or semi mature stage in their development. Due to the academic debate regarding the optimum
age at which forests sequester carbon it was decided that rates of sequestration over years and
decades would be calculated in order to observe trends between tree age and carbon offsetting
potential. It was found that sequestration across campus has been increasing over the last 30
years based on the species-specific growth rates applied as shown in Table 8. This increase in
carbon sequestration over time is most likely attributed to a majority of the trees on campus
not yet being at their point of maximum carbon uptake. Sampson & Sedjo (1997) outline how
changes in forest biomass affects carbon flow spatially and temporally. It is argued that more
juvenile forests may have a relatively lower carbon stock due to having less overall biomass,
but may have a much greater carbon uptake due to the relatively rapid growth of younger trees
which is the case for the majority of trees on campus. Understanding how carbon uptake varies
with tree age is a necessary component to understand when determining how sequestration fits
into the emissions story of UoW and should be a part of university decision making regarding
how to best manage resident trees. This study found that the average rate of carbon uptake
increased the most between 2010 and 2020, and it is hypothesised that carbon uptake is likely
to be higher over the coming years. This is due to the majority of the trees on campus already
having established mechanisms such as extensive roots, leaves and branches needed to
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sequester carbon at their optimum rate. It is therefore advisable that carbon management action
plans regarding carbon sequestration take into consideration carbon uptake rates and tree age.
Table 7 highlights the proportion of carbon stock on campus (%) at the genera level. It was
found that Eucalyptus species represent approximately 53.58% of carbon sequestered by
tagged trees on campus because of their relative abundance and size. The next highest
proportion was Casuarinacea which accounts for 14%. The high proportion of eucalypts is
likely the result of the landscape department of UoW primarily planting endemic species on
campus, with the Illawarra typically being dominated by temperate Eucalyptus forests (Gordon
et al. 2018). When comparing variable growth rates from published literature it was found that
eucalypt species have the greatest mean DBH growth rates in temperate Australian forests,
with an average increment increase of 0.53 cm per year (Ngugi et al. 2015). Acacia and
Casuarinacea had the second and third fastest growth rates with 0.42 and 0.41 cm per year
respectively. Based on this it is advisable that if UoW aims to implement tree planting on or
off-campus for the purposes of carbon mitigation then planting should be focused on
Eucalyptus, Acacia and Casuarinacea tree species for their high carbon uptake rates, as well
as being endemic to the region. However, as with any forestry study there are multiple
additional factors to consider when determining carbon carry capacities of individuals
including climatic conditions, decomposition rates, forest age and competition over recourses
(Keith et al. 2009). It is unlikely that any one simple test will be able to definitively determine
which individuals will perform best for any given circumstance. For example, only a select few
Acacia species grow to a significant size, with most species being small trees and shrubs.
Growth rates (calculated as the mean annual increment) of large Acacia and Eucalyptus species
in temperate Australian forests were compared in a study conducted by Forrester et al. (2004)
which aids in determining which would be the most viable to plant for the purposes of carbon
offsetting. It was found that Acacia species showed rapid early growth as juveniles but stem
volume and biomass would start to decrease significantly earlier than Eucalyptus species which
do not exhibit such exponential early growth. However, Forrester et al. (2004) found that a
mixture of Acacia and Eucalyptus species increased the average height and dimeter of trees in
the forest through increased nitrogen cycling. It was also established that certain Acacia species
experienced greater than average growth rates when in an Acacia / Eucalyptus mixture which
was argued to likely be the result of a reduction in competition for light due to canopy
stratification. When comparing biomass with that of a Eucalyptus globulus monoculture
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Forrester et al. (2004) found that over the course of 11 years the Acacia / Eucalyptus mixture
produced 1.68 times the volume and 2.09 times the above-ground biomass. This highlights the
importance of selecting species with compatible height growth patterns and other mutualistic
characteristics. Amazonas et al. (2018) state that a mixture of eucalypts with a variety of other
endemic species can be a potential alternative to monoculture plantations and can have positive
assisted natural regeneration benefits. Amazonas et al. (2018) go on to argue that the potential
benefits of a mixture between eucalypts and other native species can be maximised by
cultivating them under specific, controlled conditions. This includes fertilization according to
eucalypt nutritional demands and consistent with conditions of the local soil, grass control with
glyphosate spraying, and replanting following low mortality rates within 1–2 months.
Keith et al. (2009) conducted an analysis of published global site biomass data from 136
primary forests and revealed that Australian temperate moist Eucalyptus regnans forests
contain the world's highest known total biomass carbon density (living plus dead matter) of
1,867 tonnes of carbon per hectare (the average value across 13 sites). Samples were also taken
from temperate moist forests, tropical and boreal forests with average biomass carbon density
being greatest in temperate moist forests. Keith et al. (2009) attribute high biomass to fast
growth and slow decomposition rates which are typically associated with relatively cool
temperatures and moderately high precipitation such as in Australian temperate
moist Eucalyptus forests.
The way in which native species of trees benefit or inhibit the growth and carbon sequestration
potential of each other has important implications for forestry projects which focus on
reforestation, revegetation and assisted natural regeneration. Such implication can also aid in
determining whether it is most efficient to focus forestry projects for the purposes of carbon
farming on mixed forests, monocultures, or a combination of multiple stand structures (Kalbi
et al. 2014). A thorough knowledge of stand dynamics as well as the unique growth rates of
certain species of endemic trees can be used to make informed decisions on how businesses
such as universities can offset emissions through carbon farming, both on-campus and off.
5.2 Off-campus tree plantings
The 21st century has seen a shift in carbon offsetting strategies employed by individuals,
businesses and governing bodies having more of an emphasis on ecological restoration as a co-
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benefit along-side carbon mitigation (Bekessy & Wintle 2008). Carbon farming and assisted
natural regeneration have become increasingly popular in recent years, attracting more funding
and attention particularly in countries which are struggling to meet requirements set out by
such agreements as the Kyoto Protocol and Paris climate agreement (Fearnside 2000). In a
study conducted by Low Carbon Australia and the University of Queensland (2011) it was
found that in Australia at the time there were at least 27 different forestry-based carbon offset
providers, and over 200 globally. Australian carbon farming practices typically involve the
planting of native plant propagules which aim to deliver not only carbon offsetting incentives
but also the restoration of degraded ecosystems (Atyeo and Thackway 2009).
Trees on UoW campus have been found to deliver carbon offsetting incentives, low
maintenance costs and high campus environment satisfaction (UoW facilities management
division 2019). However, it can be rare for a business or government enterprise to have such
space and initial funding available. When it comes to funding, Australia is one of the only
countries that has an extensive set of regulations in place which are designed to award carbon
credits to farmers for all kinds of carbon farming projects (Verschuuren 2017). Verschuuren
found that for the existing regulations to be successful, a number of specific conditions based
on climate-smart methodologies need to be met. It is proposed that regulation needs to be
focused on projects at farms on a much smaller scale than at present, and that they be based on
a long-term policy which has a wider focus than just emission reduction. In addition to this,
incentives must be met with measurable and verifiable emissions reductions which can create
economic, social, and environmental co-benefits.
Recent Australian government policy incentives such as the Indigenous Carbon Farming Fund
and updates to the voluntary Carbon Farming Initiative regulations of 2011 (DSEWPaC, 2012)
encourage land owners to establish plantings for both natural resource management and
sequestration of carbon outcomes for credits (Paul et al. 2013). Australian Carbon Credit Units
(ACCU) are units issued by the Clean Energy Regulator, with each unit representing one tonne
of CO2 eq. which has been abated or avoided by a project as governed by Carbon Farming
Initiative regulations. For a project to be deemed eligible a number of strict requirements must
be met, both initial and ongoing. Certain credits including Kyoto ACCUs which have been
issued to an eligible project can be sold to back to the Commonwealth under a carbon
abatement contract (Section 20B, CFI Act 2011). These can significantly offset costs associated
with the project or can be used towards future schemes (Pearse & Hitchcock 2011). In addition
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to this there are currently multiple markets where businesses and individuals can receive
financial benefits from carbon farming, with the primary market (associated with the Emissions
Reductions Fund) typically dealing with larger amounts of carbon. The projects historically
have more of a chance of being backed by a government contract which has multiple benefits
including initial funding and security. However, the recent introduction of the secondary
carbon market which is designed to meet the ambitions of smaller businesses, has made carbon
farming a more viable pathway to take for those who are not secured by government contracts.
Utilization of one or more markets currently available would act as a double incentive for UoW,
as trees on campus would still serve as an amenity feature and mitigate carbon emissions, as
well as also alleviating costs associated with offsetting emissions which was estimated to be
$1,840,545 for 2019 (UoW facilities management division 2019). Though current carbon
stocks represent a relatively low proportion of the University’s annual emissions there are still
a number of options available to further reduce emissions through carbon farming. One such
option would be to invest in off-campus urban forestry projects which is commonly seen in
businesses and tertiary institutions such as Charles Sturt University which lack the onsite
capacity. This could be best achieved by determining which native trees sequester the most
carbon based on their age and predicted growth rates to maximise the potential of carbon
farming for the business.
In this study, it was found that the approximate 7878 trees on campus sequestered 325.07
tonnes of CO2 eq. over the course of one year between 2019 and 2020. From this estimate it
can be calculated that around 1,150,000 individual trees would need to be planted to
hypothetically offset 100% of the UoW yearly emissions (based on emissions of 2019) (Table
1). However, this degree of offsetting would only be achieved after around 50 years of growth,
meaning that offsetting before this time would likely be significantly less (Sampson & Sedjo
1997). To hypothetically offset all UoW emissions by sequestration would incur substantial
initial costs that could somewhat relieved by financial incentives under an approach such as
the ex-ante full crediting approach, provided the project is committed to lasting the entire
equivalence time (Te) of 46 years as outlined in the Revised Bern Model (Figure 5) (Cacho et
al. 2003). Since the time taken for trees to be established enough to sequester at a rate calculated
here the ex-ante accounting method would be ideal for UoW. Additionally, the estimate of
1,150,000 could be greatly reduced by the planting of species with relatively high growth rates
such as Eucalyptus, Acacia and Casuarinacea.
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Carbon credits would subsidise the already low maintenance costs for the trees and would
likely provide excess revenue that could be put toward upgrades to energy, infrastructure and
transportation. The ‘ex-ante’ full carbon crediting approach involves the payment of carbon
credits in full from when the project starts. This provides great incentive to the landholder to
promote juvenile forest establishment because of the large initial carbon-credit payment at the
start of the project. Such an approach would add to the viability of UoW starting off-campus
tree planting projects with forestry partners. As well as this, the Australian government
currently offer tax deductions to businesses that plant trees for the purposes of offsetting,
including costs associated with the purchasing, establishing or maintaining of the trees.
To determine the feasibility of carbon abatement strategies for offsetting emissions the carbon
budget of UoW was also compared with that of other Australian universities. Charles Sturt
University was one of particular interest as it is the first Australian university to achieve carbon
neutrality. CSU also have a similar carbon budget to that of UoW (49,824 tonnes of CO2 eq.
annually) (Charles Sturt Carbon Offset Portfolio 2019). CSU carbon neutrality is achieved via
the combination of a number of carbon mitigation strategies including avoided deforestation,
solar and wind energy projects and carbon farming. One such carbon farming project involves
the off-campus planting of native Eucalyptus tree belts into existing farming operations in
central New South Wales over the past decade. This is an excellent example of a carbon
farming project using species of trees with a high rate of carbon sequestered to best maximise
carbon abatement outcomes. Native eucalypt trees were chosen for their high growth rates as
well as for their resistance to drought, disease and fire. To promote project longevity CSU have
made arrangements with landholders by creating economic incentives through carbon sales,
and environmental benefits for all parties involved (Charles Sturt Sustainability Research
Guidelines 2019). It was also found that local biodiversity in areas where planting and
revegetation has occurred has significantly improved, which adds to the benefits of such carbon
farming strategies. The project as a whole offsets approximately 1,923 tonnes CO2 eq. over the
course of 1 year, and qualifies for claimable carbon credits under section 169 of the Carbon
Farming Initiative Act 2011. Whilst this represents just 3.85% of CSU’s carbon budget for
2019 it is important to consider that these benefits will continue on a yearly basis with relatively
low ongoing maintenance costs. Furthermore, based on the results found in Table 8 and in
conjunction with relevant literature it is likely that a project such as this will experience
increased carbon sequestration as trees mature in time (up until a certain point). A project of a
similar nature and scale would have ongoing offsetting potential for other universities such as
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UoW, with certain carbon accounting methods and ACCU sales making the project viable
financially. Ultimately, it is likely that relying on sequestration to offset all emissions is not a
viable option, though it is important to hypothetically consider.
Carbon neutrality was achieved and maintained during a period where CSU experienced large
increases in their carbon emissions, rising from 43,623 tonnes of CO2 eq. in 2014 to 49,824
just 5 years later. This speaks to the viability of carbon neutrality through various strategies
under a range of carbon emissions levels. In addition to carbon farming both on and off campus,
as well as energy, infrastructure and transport upgrades previously outlined there will likely be
a significant proportion of UoW’s emissions unaccounted for. Further carbon mitigation could
be achieved through the purchasing of Renewable Energy Credits to offset the remaining
carbon budget. In 2015, the University of Melbourne (UoM) were given a financial support
fund of $9 million from the Clean Energy Finance Corporation (CEFC) to be used for the
implementation of a number of renewable energy projects. The fund allowed UoM to increase
the solar capacity on campus by as much as 92% and is expected to reduce their carbon
emissions by over 9000 tonnes annually (Liang et al. 2018). UoW has identified that the use
of energy on campus is attributed to approximately 31,768 tonnes (CO2 eq.) which represents
67% of their carbon budget (Table 1) (UoW facilities management division 2019), meaning
that decarbonizing the electricity supply should be of significant importance when designing
carbon mitigation strategies. The next largest area (scope 3) relates to transport, with academic
air travel constituting a significant proportion of this area. Liang et al. (2018) propose that
100% of university staff air travel related emissions could be offset by a combination of
reducing travel time, as well as purchasing offsets for all flights taken.
5.3 Limitations and assumptions
One significant limitation of this study was that a singular tree inventory does not exist across
the entire campus, meaning that any surveying completed is not consistent with what is
recorded in the Arbor Safe database. A more thorough inventory system is needed as
approximately 48.5% of the carbon stored in trees across campus are unaccounted for in the
Arbor Safe database (Table 7). This represents 3888 of the approximate 7878 trees across the
entire UoW campus. As not all trees on campus were independently surveyed much of the
biomass data is derived from averages across survey sites which means there is a degree of
uncertainty surrounding the final results of this study.
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As with any evaluation of a forest or systems carbon stocks there are a number of uncertainties
based on assumptions and estimates made throughout the process (Greenough et al. 1997).
Particularly with this study there were a number of assumptions made because of the scale of
the area, lack of aerial remote sensing data, as well as the relatively high number of species of
trees present on campus than would likely be found in areas where no trees have been
anthropogenically planted. There are over 150 species of trees accounted for in the Arbor Safe
database alone, meaning it would be unfeasible to apply allometric equations and growth rates
specific to all of the species, particularly as these equations and rates do not yet exist for many.
Because of this, estimates of the aboveground carbon stock of the campus were based on trees
grouped at the genera level and therefore the actual carbon stock may be slightly higher or
lower than what is stated here. Allometric relationships however were all created especially for
temperate Australian trees, and have performed well when compared against biomass estimates
derived from more specific relationships. Biomass estimates on a tree-by-tree basis across the
five main genera were also consistent with findings from published, peer reviewed sources.
When predicting sequestration over time species-specific growth rates for only the species that
represented greater than 1% of the total campus biomass volume were found. Whilst it is
unlikely that specific growth rates for all species would make a significant difference it is still
a hindrance on the overall accuracy of the estimates. There is also no record of when individual
trees were specifically planted which means that assumptions of planting are based on aerial
imagery which has limitations in itself. These assumptions however mainly have implications
for linear growth calculations which were dismissed during preliminary calculations. DBH
increment data used to calculate variable growth rates which were used in place of linear
growth assumptions does not require this age estimate. An average growth rate of 0.41 cm per
year for temperate Australian trees (Bowman et al. 2014) was used to for general hardwoods
that made up <1% of campus volume. Additionally, when calculating the carbon stock and
projection of the un-surveyed areas it was assumed that the greater area had the same species
of trees present as what was surveyed and that it followed the same distribution (Figure 8).
When calculating this change in biomass it was also assumed that there were no trees removed
and that no new plantings have grown to a point where their DBH is greater than 10 cm, as all
trees with a DBH of less than 10cm were ignored in the original carbon stock calculations. All
measurements were also prone to human error which is an issue which could be somewhat
avoided by utilizing aerial remote sensing data. However, estimates of carbon flux tend to
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generally be inexact, with projections of volume growth and volume removals often subject to
a large degree of uncertainty (Heath & Smith 2000). Another limitation is the likely under
prediction of biomass arising due to allometric equations not always accurately represent trees
in an urban environment (McHale et al. 2009). McHale et al. (2009) found that the variability
for individual trees was as high as 300% in some areas, and reaching as low as 60% in others.
This is mainly because urban environments typically exhibit lower tree density and competition
for resources than natural forests. Less light, water and nutrient competition means that a tree
species which is present in a traditional forest environment has the potential to experience
increased growth and allocation due to reduced nearby competition when in an urban
environment. As many of the campus trees have relatively little competition there is a chance
that carbon stock estimations and sequestration rates made here are slightly under-predicted.
It is also argued that in some cases the inclusion of multiple predictor variables other than DBH
such as height, density and volume can improve the accuracy of carbon estimates (Keith et al.
2000; Snowdon et al. 2000; Jonson & Freudenberger 2011). The use of DBH as a lone predictor
variable in this study is justified by the methodology and by supporting relevant literature, but
the use of other allometric models is an area to be explored in future studies. Though the limited
number of parameters have the potential to inhibit the accuracy of the final results, it is
somewhat justified by how large the sample size is, with large sample sizes generally resulting
in greatly reduced uncertainty in parameter estimates (Chave et al., 2005).
5.4 Recommendations and future study
The core aim of this study was calculate an estimate of the current carbon stocks of the UoW
main campus stored in aboveground biomass. Though these estimates are somewhat hindered
by limitations and assumptions associated with all carbon stock estimates they do appear
reasonable and consistent with the findings of published studies. Based on the results presented
here it can be determined how carbon sequestration fits into the University’s overall carbon
budget and recommendations can be made with as to how better promote sequestration as a
means of carbon emissions mitigation.
Though the core aims of this study were addressed with a reasonable degree of confidence, a
future study which better utilizes the improvements and growing accessibility of aerial remote
sensing data would greatly improve the efficiency and accuracy of carbon stock estimates in
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this study, particularly for the areas on campus not present in the Arbor Safe database. Remote
sensing data is increasingly being used by forestry professionals to determine parameter values
of an area such as tree height, DBH, volume, crown size, and leaf area index, therefore allowing
estimates of forest biomass to made more easily. Though remote sensing is not without its own
set of limitations, having access to this data would negate many of the assumptions and
limitations associated with this study and would take significantly less time.
Over the past 15-20 years remote sensing and satellite based estimates have become
increasingly accessible and will likely continue to do so as the technology becomes easier to
use (Gibbs et al. 2007; Belgiu & Dragut 2016). However, satellite based estimates will still
need to be coupled with field based measurements in order to ground truth what is observed
remotely. Field measurements are commonly used to develop allometric equations such as
those used here for biomass estimations and to validate the results obtained from the remotely
sensed data (Vashum & Jayakumar 2012). Once this data is validated, it can be used for
biomass estimates in areas which are inaccessible or where there is little to no inventory data
readily available. Remote sensing would provide a consistent means of obtaining parameter
estimates for large areas of land where no inventory data exists. Parameters such as volume,
height and DBH could be found with a fraction of time and would eliminate any human errors
associated with gathering data manually through the surveying techniques used here.
Furthermore, a number of the issues experienced in this study such as varying and inconsistent
height values being found for the same tree would not be an issue, nor would making
assumptions about the species distribution for unknown areas be necessary.
Sinha et al. (2015) argue that the limitation associated with conventional forestry inventory
methods can largely be eliminated through the integration of remote sensing. However, an
essential part in the integration of new technology is to recognize the various strengths and
limitations of different types of remote sensing for biomass estimations. Limitations of remote
sensing include uncertainty of estimations to complex forest systems, limited area coverage,
data expenses, and difficulties in output processing (Dungan. 2002). As well as this, remote
sensing is found in many cases to mainly capture canopy information rather than individual
tree information (Sinha et al. 2015). This is typically more problematic for areas of high tree
density and would be less of an issue for urban environments which typically exhibit lower tree
density than forests (McHale et al. 2009). Ultimately the use of remote sensing can provide
forestry professionals with a synoptic view over large areas with a number of significant
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advantages over more conventional field based methods (Patenaude et al. 2005), though ground
truthing will still require the use of these methods in the conceivable future.
One of the assumptions of this study was that tree growth will not stop and sequestration will
continue at a steady if not greater rate into the future. Therefore, a study which considers the
decay rate in the overall carbon budget would aid in determining how viable trees are as a
carbon mitigation strategy. On top of this, a study which takes into consideration carbon stored
in belowground biomass, grass and soil would create a more comprehensive idea of CO2 offset
on campus. Multiple studies of large areas of Australian forests which incorporate these
elements, coupled with the available recourses of remote sensing have the potential to add great
economic and environmental significance to terrestrial forests, especially in the context of the
challenges associated with carbon mitigation and climate change. Constantly looking for ways
to improve methods of quantifying biomass and the equivalent amount of CO2 it represents in
Australia is also of global significance given the high inter-annual variability in biomass carbon
sequestration that is observed globally (Houghton et al., 2012).
Temperate Australian eucalypt diameter increment growth modelling was conducted by
Bowman (2014) and shows a decrease in growth from 0.41 to 0.32 cm year-1 in 2070 due to a
warming climate. Modelling was based on a predicted temperature increase of 3 degrees celsius
over the next 50 years. This represents an approximate loss of 90 Mt of carbon per year over
the 333,000 km2 eucalypt forest estate which was studied for the modelling. This equates to
4% of Australia wide net primary productivity and an overall tree growth reduction of 22%
(Haverd et al 2013). These findings highlight the fragility of forests potential to sequester
carbon when subjected to temperature increases associated with climate change, and
emphasises the dire need for greenhouse gas mitigation in all facets of society, not just
universities. Accurate estimations of a forests carbon stocks will enable forestry professionals
to assess the amount of carbon that can be lost during deforestation or under different climate
change scenarios. Though projects focusing on carbon estimates are becoming more efficient
and valued there is still a further need to develop more robust methods to quantify the biomass
of all forest components more accurately (Vashum & Jayakumar 2012).
This study is the first of its kind to quantify carbon sequestration on UoW campus and the
findings are already being put into practical use. Based on the results of this study
recommendations were made to the UoW Environmental Advisory Committee regarding how
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best to promote and display carbon abatement in trees around campus within the context of the
University’s emissions. It was proposed that signage be made displaying the offsetting
potential of individual trees which shows the associated emissions of nearby buildings (heating,
cooling, electricity etc.). The degree to which the tree in question offsets building emissions is
based on its annual carbon uptake, and the signage will likely contain a statement about the
length of time that building emissions are offset by that particular tree. Accompanying the signs
will be a 2-3 page online media statement containing a summary of the methods and results of
this study. The idea is to create an educational tool showing the practical effects of carbon
farming on a more simplified, smaller scale rather than across all facets of UoW emissions.
This will highlight the role that urban forestry can play in offsetting emissions for businesses
and institutions such as UoW and promote greater public awareness of the viability of carbon
sequestration. Promoting social awareness of the benefits of tree planting has the potential to
lead to practical carbon sequestration policy.

CHAPTER SIX: CONCLUSIONS
Tertiary institutions play an important role in addressing and tackling environmental challenges
via education, research and community initiatives. Together this can produce long-lasting
environmental effects and real societal change (Ralph & Stubbs 2014). It is estimated by the
University that the associated costs of carbon farming also known as the ‘plant a tree program’
would be $42.41 per tonne of CO2 eq., which would equate to a total value of $1,963,805 per
year (based on the emissions of 2019) to offset emissions solely via carbon farming. It is likely
that this value would be significantly lower on a yearly basis as much of this cost would be
incurred at the beginning of the project, and a significant proportion could be offset depending
on the type of carbon accounting method employed. It is suggested here that the ‘ex-ante’ full
crediting approach of carbon accounting could be a viable option because of the large initial
carbon-credit payment which is provided at the start of the project. Additional costs could also
be offset by the attaining and selling of carbon credits under a carbon abatement contract in
either the primary or secondary carbon market.
In conclusion, the relevance of this study cannot be understated with terrestrial forest biomass
serving as a major carbon sink in nature, accounting for approximately 33.7% of anthropogenic
CO2 emissions globally (Keenan & Williams 2018). Effective forest and carbon farming
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management based on accurate estimates of carbon stocks has implications for the creation of
carbon mitigation strategies to combat global warming and to adapt to the challenges of climate
change in all areas of society. It has been found that carbon farming represents a relatively low
cost option for businesses to offset their emissions and is becoming increasingly achievable
with carbon accounting methods and carbon credits being designed to benefit both business
and the landholders. Whilst the implementation of other greenhouse gas reduction strategies
and emissions avoidance in general should not be overlooked, many of these strategies do not
have the same additional benefits that carbon farming does. Viable solutions to rising carbon
dioxide emissions are increasingly being seen as a priority for businesses worldwide.
Improvements to biomass estimation and carbon accounting techniques are making it easier to
assess how AGB sequestration fits into the emissions story of universities such as UoW.
Carbon farming and other forestry projects such as urban forestry, assisted natural regeneration,
reforestation and revegetation can lead to increases in local biodiversity and ecosystem
services. This can be done whilst serving amenity purposes in an on-campus environment, or
on a larger scale off-campus dependant on the scale and aims of the project.
Tertiary institution adoption of carbon sequestration incentive programs which demonstrate the
physical results of their plantings have the potential to increase public awareness and
involvement in carbon mitigation strategies. Trusted community institutions such as the
University of Wollongong have the opportunity to show how tree growth on campus has offset
their own carbon budget, and can therefore help accelerate the implementation of low cost
restoration and biodiverse carbon planting schemes within the wider community.
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Appendix 2: Arbor Safe cross checking data used to produce Figures 9 & 10
Tree ID
01739
01776
02082
02083
01689
01726
05281
05296
05754
04815
04807
04584
04498
02766
02730
02701
02761
03449
03454
03383
03428
04481
02010
01999
01894
01646
00979
00854
00151
04762
05689
05685
05615
05084
04915
04832
04452
04081
03822
03763
03689
03628
02665

Measured
DBH (cm)
38
27
18
22
26
28
44.5
32
58
42
49
21
22
48.5
46
31
58
43
42.5
52
61.5
10
64
11
54
58
118
21
13
26
16.5
29
32.5
52
31
33
22
35
21.5
19
46
10.5
20

Measured
Height (m)
22.0
17.0
10.5
8.2
14.0
19.4
8.9
13.4
8.0
14.3
15.0
13.6
10.2
20.0
19.1
19.0
14.3
18.2
18.4
25.7
19.1
8.7
26.0
8.0
16.4
27.1
26.4
11.2
7.9
20.0
9.9
10.2
13.0
20.6
11.1
16.8
9.5
16.0
9.1
7.8
21.3
8.0
16.1

Arbor Safe
DBH (cm)
40
25
15
25
25
25
35
30
55
40
50
20
20
45
45
30
55
40
40
50
60
10
60
10
55
55
120
20
15
25
15
30
30
50
30
30
20
35
20
20
45
10
20

Arbor Safe
Height (m)
25
17.5
7.5
7.5
12.5
17.5
12.5
12.5
7.5
12.5
12.5
12.5
7.5
17.5
17.5
17.5
12.5
17.5
17.5
25
17.5
7.5
25
7.5
17.5
25
25
7.5
7.5
17.5
7.5
12.5
12.5
17.5
7.5
17.5
7.5
12.5
7.5
7.5
17.5
7.5
12.5
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00644
00569
00318
00309
00284
01019
01022

53
30.5
28
72
25.5
21
23

22.0
14.2
9.6
21.8
15.0
21.6
14.7

50
30
30
70
25
20
20

17.5
12.5
7.5
17.5
12.5
17.5
12.5
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